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SUMMARY 


This  report  was  developed  as  part  of  a program  undertaken 
by  the  Manufacturing  Technology  Directorate  of  Pieatinny  Arsenal 
in  recognition  of  the  need  for  expanded  design  information  per- 
taining to  structures  subjected  to  blast  environments  due  to 
accidental  explosions  within  anunition  facilities.  The  purpose 
herein  is  to  provide  facility  designers  with  criteria  and  pro- 
cedures for  the  design  of  steel  structures  and  structural  elements. 
The  report  is  intended  to  be  used  in  conjunction  with  the  tri- 
service design  manual,  "Structures  to  Resist  the  Effects  of 
Accidental  Explosions"  (TM  5-1300),  and  the  AISC  "Manual  of  Steel 
Construction". 

Tie  dynamic  behavior  of  steel  structures,  elements  and 
oonnectl  us  is  discussed  and  criteria  for  dynamic  plastic  design  are 
presented,  namely,  design  stresses,  acceptable  levels  of  inelastic 
response,  and  maxi>*um  acceptable  deformations.  The  criteria  were 
developed  considering  structural  integrity,  safety  for  persannel 
end  t jnsitlve  equipment  during  the  accident , and  the  post-accident 
condition  of  the  structure. 

Detailed  procedures  are  given  for  the  design  of  steel 
beams,  plates,  columns  sod  beam-columns,  together  with  special 
requirements  for  blast  doors,  cold-formed  steel  roof  and  wall 
panels,  open-web  Joists  and  connections.  The  preliminary  design 
of  multi-hay  frames  is  treated  ia  detail.  A aeries  of  illustrative 
design  examples  is  prcvideu. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


The  criteria  and  procedures  presented  in  this  report  pro- 
vide a rational  basis  for  the  analysis  and  design  of  steel 
structures  and  structural  elements  subjected  to  a blast  environ- 
ment generated  by  a high-explosive  detonation.  The  primary 
emphasis  is  on  structural  steel  applications  for  acceptor 
structures  located  in  the  low  to  intermediate  pressure  level 
range. 


It  is  recommended  that  this  material  be  implemented  in  the 
blast-resistant  design  of  structures  within  facilities  for  the 
manufacture  and  storage  of  explosive  materials. 


CHAPTER  1 


INTRODUCTION 


1.1  Background 

Special  procedures  and  criteria  are  necessary  In  the  de- 
sign of  facilities  for  the  manufacture,  maintenance,  modification, 
inspection  and  storago  of  explosive  materials  In  order  to  avoid 
mass  detonations  and  explosion  propagation  In  the  event  of  an 
accidental  explosion  and  to  ensure  protection  for  personnel  and 
equipment.  The  basic  design  document  in  this  area  is  the  tri- 
service manual,  "Structures  to  Resist  the  Effects  of  Accidental 
Explosions"  (TH  5-1300) . This  manual  contains  comprehensive  in- 
formation on  the  principles  of  protective  design,  the  calculation 
of  blast  loading,  dynamic  analysis  and  detailed  procedures  for 
designing  reinforced  concrete  protective  structures  and  provides 
a sound  basis  for  facility  design  and  review. 

However,  since  TM  5-1300  is  directed  primarily  to  the  de- 
sign of  reinforced  concrete,  supplementary  material  is  required  to 
treat  in  detail  other  structure  types  and  materials  of  construc- 
tion employed  in  the  design  of  modern  aamunltlon  facilities.  An 
important  area  where  additional  information  is  needed  is  the  de- 
sign of  steel  structures  and  steel  elements.  The  Manufacturing 
Technology  Directorate  of  Pic.«tinny  Arsenal,  aa  part  of  its  over- 
all Ssfsty  Engines  ring  Support  'Program  for  ths  U.S.  Army  Armsmsnt 
Commend,  has  undertaken  the  preparation  of  this  report  with  the 
aeelstance  of  Ammann  & Whitney,  Consulting  Eaglnsers,  in  order  to 
fill  this  need. 

1.2  Objective  end  Scope 

The  baelc  purpose  of  this  raport  is  to  provide  ammunition 
facility  dsslgnsrs  with  criteria  and  procedures  for  the  design  of 
steel  protective  atructures  parallel  to  the  specific  information 
on  reinforced  concrete  structures  pressntsd  in  TM  5-1300.  In  this 
way,  e rational  basis  will  be  available  for  providing  bleat  pro- 
tection through  the  use  of  structural  steel  for  both  close-in 
structures  end  structures  removed  from  the  immediate  vicinity  of 
the  blest. 

Ibis  report  has  been  prepared  with  the  following  general 
guidelines: 

(a)  The  raport  shall  be  consistent  in  philosophy  and 

format  with  TM  5-1300  with  modifications  as  necsssary  to 

account  for  ths  particular  requirements  of  steel  design. 


1 


Furthermore,  it  is  assumed  that  this  report  will  be  used 
in  conjunction  with  TM  5-1300  by  designers  possessing 
a basic  familiarity  with  the  contents  of  that  manual. 

(b)  The  detailed  provisions  for  inelastic  blast-resistant 
design  of  steel  elements  and  structures  shall  be  consistent 
with  conventional  static  plastic  design  procedures  as 
presented  in  the  AISC  "Specification  for  the  Design, 
Fabrication  and  Erection  of  Structural  Steel  for  Build- 
ings" and  rood  if  led  as  required  to  account  for  blast  load- 
ing resulting  from  high  explosive  detonations. 

(c)  In  all  cases,  the  static  provisions  of  the  AISC 
Specification  represent  a minimum  requirement  for  conven- 
tional dead  and  live  loads.  Moreover,  it  is  presumed  that 
designers  using  this  report  are  familiar  with  static 
plastic  design  procedures  for  steel. 

(d)  With  regard  to  the  deulgn  and  analysis  of  aultl- 
degree-of-freedoa  steel  frames,  it  is  assumed  that  this 
report  will  be  supplemented  with  an  elasto-plastlc  frame 
analysis  computer  program  such  as  the  Program  DYNFA  de- 
veloped as  part  of  this  overall  effort  for  Plcatlnny 
Arsenal  by  Ammann  & Whitney. 

(e)  While  material  related  to  close-in  effects  is  in- 
cluded in  this  report,  the  primary  emphasij  is  on  applic- 
ations where  the  structure  is  located  a distance  from  the 
blast  area. 

In  cases  of  low  to  intermediate  blast  pressures,  the  de- 
sign objective  is  the  protection  of  personnel  and  valuable  equip- 
ment or  material,  while  at  the  same  time  providing  an  economical 
solution;  hence,  in  many  cases,  the  designs  will  Involve  the  use 
of  standard  structural  shapes  and  building  components  strengthened 
to  provide  the  required  blast  protection.  It  is  felt  that  the 
criteria  and  procedures  provided  in  this  report  can  be  effectively 
utilised  to  achieve  cost-effective  designs  in  these  applications. 

The  procedures  and  criteria  in  this  report  have  been  de- 
veloped based  upon  state-of-the-art  information  and  data  for  the 
behavior  of  steel  elements  and  structures  under  blast  loading. 
Hence,  use  of  this  material  should  lead  to  designs  consistent  with 
the  design  objectives.  However,  in  order  to  account  for  normal 
variations  in  material  quality  and  workmanship  and  uncertainties 
In  the  prediction  of  loadings,  it  is  recommended  that  the  charge 
weight  be  increased  by  20  percent  for  design,  as  required  in 
TM  S-1300.  Modification  of  this  requirement  for  particular  cases 
should  be  approved  by  the  cognizant  military  construction  agency. 
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Generally  speaking,  the  Influence  of  conventional  dead 
and  live  loads  can  be  neglected  In  blast  design  or  In  the  evalua- 
tion of  the  capacity  of  a blast-resistant  structure.  However,  the 
effect  of  such  loads  upon  the  available  capacity  for  blast  resis- 
tance nay  be  significant  in  the  design  of  structures  for  relatively 
low  overpressures , e.g.,  leas  than  1.0  psi  or  in  the  evaluation 
of  the  blast  resistance  of  a structure  designed  for  conventional 
loads. 


1.3  Format  of  the  Report 

This  report  is  divided  into  chapters  devoted  to  individual 
topics  related  to  the  design  of  steel  protective  structures.  For 
the  purpose  of  economical  presentation,  the  directly  applicable 
material  from  TM  5-1300  and  the  AISC  Specification  and  Manual  is 
not  repeated  in  this  report.  As  far  as  possible,  applicable 
equations,  design  charts  and  tables,  and  comentary  material  are 
included  herein  by  reference.  However,  a brief  suanary  of  the 
information  from  TM  5-1300  which  is  applicable  to  this  report  is 
presented  in  the  remainder  of  this  chapter.  The  following  sec- 
tions contain  a qualitative  description  of  protective  design  con- 
cepts and  describe  the  calculation  of  blast  loads,  applications 
of  steel  structures  in  protective  design  and  the  basic  elements  of 
the  dynamic  response  calculations  following  the  procedures  devel- 
oped in  TM  5-1300. 

Chapter  2 describes  the  static  and  dynamic  properties  of 
structural  steels,  outlines  the  basic  philosophy  and  objectives  of 
blast  design  and  presents  recommended  design  criteria  for  various 
types  of  basic  steel  elements  and  frames. 

In  Chapters  3 and  4,  detailed  provisions  are  presented 
for  the  plastic  design  of  steel  beams,  columns  and  beam-columns 
under  dynamic  load.  Guidelines  are  given  for  treating  unsym- 
aetrical  bending  along  with  special  consideration  for  blast  doors, 
cold-formed  steel  floor  and  wall  panels,  and  open-web  joists. 

Single-story,  multi-bay,  rigid  frames  and  frames  with  sup- 
plementary bracing  are  treated  in  detail  in  Chapter  5.  A prelim- 
inary design  procedure  is  provided  for  this  class  of  frames  due  to 
their  wide  usage  In  aoeunitlon  facilities. 

Recommendations  for  the  design  of  connections  are  given  In 
Chapter  6.  Structural  steel  connections  are  considered  along  with 
the  special  requireeents  for  connections  involving  cold-formed 
steel  floor  and  wall  panels. 


Chapter  7 contain*  detailed  example  probleee  covering  the 
design  of  beans,  lateral  bracing,  cold-formed  at eel  panel*,  open- 
web  joists,  coluane  and  bean-coluams,  steel  plate  blest  doors, 
beans  subject  to  unsymestrical  bending  and  the  preliminary  design 
of  a single-story,  multi-bay  rigid  frame, 

A series  of  charts  used  for  deterein 'ng  the  elasto-plastic 
resistance,  stiffness  and  deflection  for  uniformly  loaded  two-may 
elements  with  various  support  conditions  are  given  in  Appendix  A, 
These  charts  supplement  the  material  in  Chapter  5 of  TK  5-1300. 

The  symbols  used  in  the  text  ere  defined  in  Appendix  B. 

Appendix  C presents  examples  of  fiamlng  connections,  struc- 
tural details  and  blast  doors  used  in  structures  designed  for  blast. 

1.4  Protective  Design  Concepts  and  Explosive  Effects 

1*4.1  System  Components  and  Basis  for  Design 

Prom  the  viewpoint  of  protective  design,  ammunition  facil- 
ities can  be  treated  ae  being  composed  of  three  principal  systems 
es  described  in  Chapter  2 of  TK  5-1300.  Briefly,  these  systems 
are: 


(1)  The  Donor  System  which  Involves  the  source  of  the 
potential  hazard.  The  hazardous  output  consists  primarily 
of  blast  pressures;  but  in  certain  clrcimatances , it  is 
necessary  to  consider  fragments. 

(2)  The  tec elver  System  which  represents  the  items  which 
may  potentially  receive  the  output  of  an  explosive  accident 
including  personnel,  equipment  and  acceptor  explosive 
materials. 

(3)  The  Protective  Syatms  which  Involves  the  use  of  pro- 
tective structures  such  as  barriers  and  shelters  or  sepa- 
ration distance  designed  to  provide  the  receiver  with  the 
required  level  of  protection  consistent  with  economy  end 
the  operating  requiremsnte  of  the  facility. 

Tha  deeigs  of  the  overall  facility  and  ita  individual 
structure*  essentially  requires  that  s balance  be  achieved  among 
functional  and  operational  requirements,  loading  characteristic*, 
dynamic  response,  structural  capacity,  personnel  eefety,  equipment 
end  emploelve  sensitivity  end  economics.  These  various  factors, 
elaborated  upon  in  Chapter  3 of  TK  5-1300,  thereby  constitute  the 
constraints  on  the  design  end  provide  the  backgrouml  end  the  basis 
for  the  detailed  design  criteria. 


The  interaction  between  loading  characteristics  and  etruc- 
tural  response  upon  the  detaile  of  a dealgn  can  be  expreased  most 
efficiently  in  terms  of  the  three  altuationa  that  can  be  encoun- 
tered ae  a function  of  the  proxlaity  of  the  accident  to  the  atruc- 
ture  together  with  the  reaponee  cheracterlatlca  of  the  structure 
under  design,  namely: 

(a)  Close-in  to  the  explosion  - The  designs  are  usually 
impulse  sensitive  since  the  load  duration,  t0,  is  con- 
siderably shorter  than  the  tine  required  for  the  structure 
to  reach  maximum  response,  t^. 

(b)  Intermediate  cases  where  and  tQ  are  of  the  same 
order  of  magnitude  and  the  response  of  the  structure  to 
both  impulse  and  pressure  must  be  considered. 

(c)  Structures  removed  from  the  location  of  the  detona- 
tion - The  designs  are  characteristically  pressure- 
sensitive  due  to  load  durations  considerably  longer  than 
the  structural  response  time.  An  exception  to  this  situa- 
tion can  be  frame  structures  which  are  flexible  and  there- 
fore can  reach  their  pesk  response  after  the  load  duration, 
even  in  the  low  pressure  region. 

Familiarity  with  these  load-response  characteristics  cou- 
pled with  a knowledge  of  the  structure's  ability  for  absorbing 
energy  and  undergoing  deformation  are  important  elements  In  the 
dealgn  of  protective  structures.  Other  factors  which  must  be 
taken  Into  account  In  the  establishment  of  the  overall  system  de- 
algn criteria  Include: 

(a)  Protection  category  - The  type  of  protective  structure 
required  la  determined  by  this  factor.  Shelter  structures 
provide  protection  to  personnel,  equipment  and  sensitive 
exploalvee  fro*  primary  and  secondary  fragments,  blast 
pressures,  structure  motions  and  the  release  of  hazardous 
materials.  Barrier  structures  provide  for  the  containment 
of  the  explosion  to  the  donor  cell  or  for  the  prevention 
of  comsun lcatioo  of  the  detonation  to  other  areas  of  the 
facility. 

<b)  Receiver  sensitivity  - This  factor  dictates  the  maxi- 
mum  response  level  consistent  with  the  inherent  vulner- 
ability of  the  particular  receiver  items  which  aust  be 
considered,  e,g.,  the  sensitivity  of  personnel,  equipment 
sod  explosives  to  blast  pressures,  motions  and  fragment#. 


(c)  Operating  and  functional  requirements  - These  In- 
clude the  functional  and  geometric  characteristics  con- 
sistent with  the  operation  of  the  facility  and  the  desir^i 
post-accident  condition  of  the  structure,  ranging  froa  a 
structure  at  Incipient  failure  to  a structure  suitable  for 
reuse  without  major  repair  following  the  accident. 

1.4.2  Explosive  Effects 

Basic  to  protective  design  is  the  capability  of  calculating 
efficiently  end  accurately  the  anticipated  output  of  an  accidental 
explosion  in  terms  of  the  damaging  effects,  principally  blast  pres- 
sures and  occasionally  primary  and  secondary  fragments,  against 
which  ths  protective  system  must  be  designed.  Chapter  4 of  IN  5- 
1300  contains  all  the  necessary  design  data,  in  convenient  form, 
for  defining  the  blast  pressures  and  primary  fragment  character- 
istics pertinent  to  conditions  existing  In  explosive  manufacturing 
and  storage  facilities.  The  omphaale  la  upon  blast  output  calcu- 
lations since  it  normally  controls  the  dealgn  of  either  donor  or 
acceptor  structures.  However,  since  primary  fragments  may  in  car- 
tain  cases  control,  complete  procedures  for  cslculatlng  the  proba- 
ble characteristics  of  the  fragments  resulting  from  the  break-up 
of  the  explosive  container  are  also  necessary.  The  procedures  In 
Chapter  4 of  TH  5-1300  ara  completely  applicable  to  the  needs  of 
this  report. 

1.5  Steel  Structures  In  Protective  Dealgn 

1.5.1  Behavior  of  Steel  Structures  and  Elements 

The  economy  of  facility  dealgn  generally  requires  that  pro- 
tective structures  be  designed  to  perform  in  the  inelastic  response 
range  during  an  nccldent.  In  order  to  Insure  the  structure's  In- 
tegrity throughout  sucth  severe  conditions,  the  facility  designer 
mat  be  cognisant  of  the  various  possible  failure  modes  and  their 
later-relit lonahtpe.  the  limit  lag  design  values  are  dictated  by 
the  attaimawnt  of  Inelastic  deflect fans  and  rotations  without  com- 
plete collapse.  The  amount  of  inelastic  deformation  la  dependent 
not  only  upon  the  ductility  characteristics  of  the  material,  but 
also  upon  the  Intended  use  of  the  structure  following  an  accident. 

In  order  for  the  structure  to  maintain  such  large  deformations, 
steps  must  be  taken  to  prevent  premature  failure  by  either  brittle 
fracture  or  instability  (local  or  overall}.  Culdelloae  and  criteria 
for  dealing  with  theme  effects  are  presented  in  the  body  of  this 
report. 


By  way  of  further  Introduction  to  steel  daetgo  for  those 
already  familiar  with  the  protective  dealgn  procedures  of  TH  5-1300, 


mm  qualitative  differences  between  steel  and  concrete  protective 
structures  and  the  impact  of  these  differences  upon  the  orientation 
of  this  report  are  suamarlaed  briefly  below: 


(1)  tn  close-in  higU-iapulse  design  situations,  a aaselve 
reinforced  concrete  structure,  rather  than  a sicel  struc- 
ture, is  generally  employed  in  order  to  limit  deflections. 

(2)  In  contrast  to  reinforced  concrete  structures  sub- 
jected to  high-intensity  loading  and  permitted  to  respond 
with  large  inelastic  defamations,  the  principal  emphasis 
of  this  report  is  upon  steel  acceptor  structures  located 
far  from  the  detonation.  Due  to  the  relatively  low  pres- 
sure loading  and  the  protection  requirements  for  such 
structures,  the  design  objective  is  often  reusability 
following  the  accident. 

(3)  Steel  structures  and  eleaents  sre  considerably  tore 
slender,  both  In  teres  of  the  overall  structure  and  the 
coaponenta  of  a typical  member  cross-section.  As  a result, 
the  effect  of  overall  and  local  Instability  upon  the  ulti- 
mate capacity  Is  an  Important  consideration  in  steel  design. 

(4)  The  amount  of  rebound  in  concrete  structures  is  con- 
siderably reduced  bv  Internal  damping  (cracking)  and  is 
essentially  eliminated  in  cases  where  large  deformations 
or  incipient  failure  are  permitted  to  occur.  In  structural 
steel,  however,  a larger  response  in  rebound,  up  to  100 
percent,  can  be  obtained  far  a combination  of  short  dura- 
tion load  and  a relatively  flexible  element.  As  a result, 
steel  structures  require  that  special  provisions  be  made 
to  account  for  extreme  responses  of  comparable  magnitude 
in  both  directions, 

<$)  The  treatment  of  stress  interaction  is  more  of  a con- 
sideration in  steel  since  each  element  of  the  cross-section 
must  bs  considered  subject  to  a atate  of  combined  stresses. 
In  reinforced  concrete,  the  provision  of  separate  steel 
reinforcement  for  flexure,  shear  and  torsion  enables  the 
designer  to  consider  these  stresses  as  being  carried  by 
more  or  less  independent  systems. 

(6)  Special  Cere  suet  be  taken  in  steel  design  to  provide 
for  connection  integrity  up  to  the  point  of  tuidcts  res- 
ponse. For  exaaple,  la  order  to  avoid  premature  brittle 
fracture  fa  welded  connections,  the  welding  characteristics 
of  the  particular  grade  of  steel  suit  be  considered  and 
the  Introduction  of  any  stress  concentrations  or  notches 
at  the  Joist  oust  be  avoided. 
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1.5.2  Appl  lot  lone  of  Steel  Structures 

While  the  primary  application  of  this  report  la  for  steel 
acceptor-type  structures,  it  also  applies  In  the  design  of  steel 
components  in  donor  structures.  For  example,  blast  doors  and, 
under  certain  circumstances,  steel  containment  cells  may  be  de- 
signed using  the  guidelines  in  this  report.  For  the  most  part,  as 
stated  previously,  the  emphasis  is  upon  structures  removed  from 
the  ionedlate  vicinity  of  the  detonation.  These  Include  typical 
frame  atructurea  with  beams,  coluana  and  beam-columns  composed  of 
standard  structural  shapes  and  built-up  sect  lone.  Moreover,  In 
many  casco,  the  relatively  low  blest  pressures  suggest  the  use 
of  standard  building  components  such  as  opsn-web  joists,  pre- 
fsbrlcstmd  wall  panels  and  roof  decking  strengthened  and  detailed 
as  required  to  carry  the  full  magnitude  of  the  dynamic  loads  an- 
ticipated (so-called  "strengthened  frangible  construction").  j 

Another  economical  application  can  be  the  use  of  entire  pre-  j 

engineered  buildings  strengthened  locally  to  adapt  these  designs 
for  lav-blast  pressures  (up  to  2 pal)  with  short  duration  (lest 
than  10  ms).  For  blast  loadings  with  such  longer  durations,  the 
maximum  practical  preaaure  level  for  the  use  of  strengthened  pre- 
engineered buildings  is  about  0.5  pal. 

1.6  Dynamic  Analysis  and  Design 

1.6.1  General 

The  first  step  in  s dynamic  design  entails  the  development 
t of  e trial  design  considering  facility  requirements,  available 

materials  and  economy  vlth  mambsrs  sired  by  a simple  preliminary 
procedure,  the  next  etep  Involves  the  performance  of  a dynamic 
analysis  to  determine  the  response  of  the  trial  design  to  the  bleat 
and  the  comparison  of  the  maximum  response  vlth  the  deformation 
limits  specified  in  Chapter  2.  The  final  design  is  then  determined 
by  achieving  an  economical  balance  between  at  if fates  and  resistance 
such  that  the  calculated  response  under  the  blast  loading  lima 
within  the  limiting  values  dictated  by  tbs  operational  requirements 
of  the  facility. 

1.6.2  Analysts  Procedures 

The  dynamic  response  calculation  Involves  either  a single- 
degrcc-of-freedom  analysis  using  the  response  charts  in  Chapter  6 
of  TM  5-1500  or.  In  more  complex  structures,  s *ulti-d«grae-of- 
freedom  calculation  with  the  dynamic  elam  to -plastic  frame  program. 

A alagle-degree-o! -freedom  analysis  may  be  performed  for 
the  design  analysis  of  either  s given  structural  element  or  of  am 


o 


element  for  which  a preliminary  design  haa  been  performed  accord- 
ing to  procedures  in  Chapters  3 and  4.  Since  this  type  of  dynamic 
analysis  is  described  fully  with  accompanying  charts  and  cables  in 
TM  5-1300,  it  will  not  be  duplicated  herein.  In  principle,  the 
structure  or  structural  clamant  is  characterized  by  an  idealized 
bilinear  elasto-plascic  resistance  function  and  the  loading  is 
treated  as  an  idealized  triangular  pulse  with  zero  r la*  time. 
Response  charts  are  presented  In  Chapter  6 of  TM  5-1300  for  de- 
termining the  ratio  of  the  maximum  response  to  the  elastic  re- 
sponse and  the  time  to  maximum  response  for  the  initial  response, 
the  equations  presented  for  the  dynamic  reactions  are  also  appli- 
cable to  this  report. 

Multl-degree-of-freedom  non-linear  dynamic  analyses  of 
braced  end  unbraced  rigid  frames  can  ba  performad  with  the  com- 
puter program  DYNFA.  For  single* etory  unbraced  multi-bey  frames, 
the  procedures  in  Chapter  5 provide  e basis  for  preliminary  de- 
sign, the  coaputer  program  la  described  in  detail  in  the  re- 
port, "Analysis  of  Frame  Structures  Subjected  to  Blast  Over- 
pressures", Manufacturing  technology  Directorate,  Pi cat tony 
Arsenal,  Technical  Report  No.  TR  4839,  1975,  Unclassified. 
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CHAPTER  2 


DESIGN  CRITERIA  FOR  Sim  ELEMENTS  AND  STRUCTURES 
2.1  Introduction 


The  mechanical  properties  of  structural  steel  elements 
are  pi  rented  in  this  chapter  along  with  recommended  dynastic  de- 
sign stresses  and  acceptable  maximum  displacements,  and  plastic 
deformations. 

Within  the  broad  range  of  steels  presently  available,  the 
structural  steels  for  plastic  design  covered  by  the  AISC  Specifi- 
cation are  reviewed  with  regard  to  their  uae  in  protective  struc- 
tures subjected  to  blast  loads.  The  effects  of  rapidly  applied 
dynamic  loads  on  the  mechanical  properties  of  steel  as  a struc- 
tural material  are  considered  and  these  effects  sre  related  to 
the  response  of  the  component  elements  of  steel  structures. 

Deslg  concepts  for  blsst-reslstsnt  steel  structures  are 
dlscusoed  in  detail  in  order  to  provide  the  designer  of  modem 
aasucsltion  facilities  with  sn  overall  understanding  of  the  dif- 
ferent ss>des  of  failure  of  steel  structures  and  to  caution  him 
against  sudden  cr  premature  failures. 

2*2  Declgn  Stresses  for  Steel  Elements 

2.2.1  Structural  Steel 


Structural  steel  is  known  to  be  a strong  and  ductile  build- 
ing material.  The  significant  engineering  properties  of  steel  sre 
strength  expressed  In  terms  of  yield  stress  and  ultimate  tensile 
strength,  ductility  expressed  In  terms  of  percent  elongstlon  at 
rupture,  end  rigidity  expressed  in  tens  of  modulus  of  elasticity. 

Structural  steal  generally  can  be  considered  as  exhibiting 
a linear  stress-strain  relationship  up  to  the  proportional  limit, 
tfhlch  is  either  close  to,  or  identical  to,  the  yield  point.  Be- 
yond the  yield  point,  it  can  stretch  substantially  without  appre- 
ciable Increase  in  stress,  the  amount  of  elongation  reaching  10  to 
IS  times  that  needed  to  reach  yield,  a range  that  is  termed  "the 
yield  plateau".  Beyond  that  range,  strain  hardening  occurs,  i.e., 
additional  elongation  is  associated  with  an  increase  in  stress. 
After  reaching  a maximum  nominal  stress  called  "the  tensile 
strength",  a drop  In  the  nominal  stress  accompanies  further  elonga- 
tion and  precedes  fracture  «t  an  elongation  (at  rupture)  amounting 
to  20  to  30  percent  of  the  specimen's  original  length.  It  is  this 
ability  of  structural  steel  to  undergo  sizable  permanent  (plastic) 
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deformations  before  fracturing,  i.e.,  it*  ductility,  that  makes 
steel  a construction  material  with  the  required  properties  for 
blast-resistant  design. 

Soee  high  strength  structural  steels  do  not  exhibit  a 
sharp,  well  defined  yield  plateau,  but  rather  show  continuous 
yielding  with  a curved  stress-strain  relation.  For  those  steels, 
it  is  generally  accepted  to  define  a quantity  analogous  to  the 
yield  point,  called  "the  yield  stress",  as  that  stress  which  would 
produce  « permanent  strain  of  0.2  percent  or  a total  unit  elonga- 
tion of  0.4  to  0.5  percent.  Such  steels  have,  in  general,  a 
smaller  elongation  at  rupture  and  should  be  used  with  caution 
when  large  ductilities  are  a prerequisite  of  design. 

There  has  always  been  a continuous  trend  towards  the  pro- 
duction of  stronger  and  stlffer  materiala  so  that  members  can 
carry  sore  loads  without  substantial  increases  in  material  mass 
and,  therefore,  coat.  Steal  as  a material  cannot  be  nade  stlffer 
since  its  modulus  of  elasticity  remains  essentially  constant  for 
different  types  of  steel  and  various  loadings.  On  the  other  hand, 
stronger  steels  in  a wide  range  of  yield  points  and  tensile 
strangths  have  been  developed.  Structural  steels  now  available 
may  be  grouped  by  strength  and  grade  of  steel  as  follows: 

(1)  Structural  carbon  staels 

(2)  High-strength  low  alloy  steels 

(3)  Quenched  and  tempered  carbon  steels,  and 

(4)  Othar  steels,  including  quenched  and  tempered  alloy 

steels,  proprietary  steels  and  constructional  alloy  steels 

for  special  purposes. 

Earlier  criteria  and  specifications  for  the  design  of  steel 
structures  llnitsd  ths  use  of  plastic  design  to  steels  having  a 
specified  nlninun  yield  point  not  higher  than  33  to  36  ksl.  For 
decade*  ASTM  A7  steel,  with  s specified  nlninun  yield  of  33  ksi, 
was  the  basic  structural  steel  for  buildings  and  bridges.  ASTM 
A36,  s low-cost  carbon  steel  of  structural  quality  with  a yield 
point  of  36  ksl.  Introduced  in  1960,  combines  improved  weldability 
and  increased  strength,  and  has  replaced  A7  steel  in  common  prac- 
tice. The  limitation  of  plastic  design  to  these  relatively  low 
yield  stresses  was  due  to  the  fact  that  moat  experimental  verifi- 
cation of  provisions  for  plastic  design  contained  in  current  speci- 
fications had  used  steels  in  that  range  of  strength. 
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By  1965,  the  applicability  of  those  provisions,  with  only 
■inor  modifications,  to  high-strength  low-alloy  steels  furnished 
up  to  a specified  yield  point  of  50  ksi,  had  been  established. 

In  addition,  with  the  advent  of  ASTM  Specification  A572  in  1966, 
further  investigations  vere  undertaken  which  indicated  the  applic- 
ability of  the  provisions  for  plastic  design  to  all  grades  covered 
by  that  standard.  On  the  basis  of  these  investigations,  the  list 
of  these  steels  covered  by  ASTM  standard  specifications  has  been 
increased  accordingly. 

Blast-resistant  design  is  commonly  associated  with  plastic 
design  since  protective  structures  are  generally  designed  with  the 
assumption  that  they  will  undergo  plastic  def oraations . Conse- 
quently, the  steels  to  be  used  should  at  least  meet  the  require- 
ments of  the  AISC  Specification  in  regard  to  their  adequacy  for 
plastic  design. 

The  following  is  a list  of  steels  that  are  admissible  in 
plastic  design  and  that  conform  to  ASTM  specifications: 

Structural  Steel  with  36,000  psl  Minimum  Yield 
Point,  ASTM  A 36 

High-Strength  Low-Alloy  Structural  Steel,  A242 

High-Strength  Low-Alloy  Structural  Manganese 
Vanadium  Steel,  ASTM  A441 

Structural  Steel  with  42,000  psl  Minimum  Yield 
Point,  ASTM  A529 

High-Strength  Low-Alloy  Col umbium- Vanadium  Steels 
for  Structural  Quality,  ASTM  A572 

High-Strength  Low-Alloy  Structural  Steel  with 
50,000  psl  Minimum  Yield  Point  to  4 in.  Thick, 

ASTM  A588. 

Both  A242  and  A441  are  available  in  three  grades,  42,  46 
and  50,  with  the  thicker  members  available  in  the  lower  grades  only. 

A572  is  available  in  six  grades  (42,  45,  50,  55,  60  and  65) 
ags'a  depending  on  thickness.  Though  all  grades  are  acceptable  for 
piratic  design,  the  designer  of  blast-resistant  structures  should 
use  caution  when  utilising  steels  having  a yield  point  above  55  kai. 
Due  to  the  sensitivity  of  high  strength  steels  to  dynamic  loading, 
special  attention  should  be  given  to  connection  details  and  welding 
procedures  in  order  to  avoid  no  telling  effects  and  prevent  premature 
failure  by  brittle  fracture. 
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A588  com*  also  in  three  grades  which  war*  specially  de- 
▼•loped  to  provide  heavier  sections  in  high-strength  steal.  It 
is  particularly  useful  for  plates  up  to  4 Inches  thick  with  a 
yield  of  50  kai. 


2.2.2  Mechanical  Properties  under  Dynamic  Loading 

The  effects  of  rapid  loading  on  the  aechanlcal  behavior 
of  the  steel  aaterlal  have  been  observed  and  measured  in  uniaxial 
tensile  stress  tests.  Under  rapidly  applied  loads,  the  rate  of 
strain  Increases  and  this  has  a narked  influence  on  the  mechanical 
properties  of  steel. 

Considering  the  mechanical  properties  under  static  loading 
as  a basis,  the  effects  of  increasing  strain  rates  are  illustrated 
in  Figure  2.1  and  can  be  suaearlced  as  follows: 

(1)  The  yield  point  increases  substantially  to  the 
dynamic  yield  stress  value. 

(2)  The  yield  plateau  increases  in  range. 

(3)  The  modulus  of  elasticity  remains  insensitive  to 
the  rate  of  loading. 

(4)  The  ultimate  tensile  strength  increases  slightly, 
but  the  percentage  Increase  is  less  than  for  the  yield 

stress. 

(5)  The  elongation  at  rupture  either  remains  unchanged 
or  is  slightly  reduced. 

In  actual  members  subjected  to  blast  loading,  the  dynamic 
effects  resulting  from  the  rapid  strain  rates  may  be  expressed  as 
a function  of  the  time  to  reach  yielding.  In  this  case,  the 
mechanical  behavior  depends  on  both  the  loading  regime  and  the 
response  of  the  system  which  determines  the  dynamic  effect  felt 
by  the  particular  aaterlal. 

For  members  made  of  A7  steel,  studies  have  been  made  to 
determine  the  percentage  increase  in  the  yield  stress  as  a func- 
tion of  strain  rate  or,  in  other  words,  the  time  to  roach  yielding 
For  the  purposes  of  this  report,  the  ratios  of  dynamic  to  static 
yield  stress  for  A7  steel  are  considered  to  apply  equally  well  to 
A36  steel. 

For  primary  structural  elements  and  simple  frames  de- 
signed to  withstand  low  to  intermediate  pressure  levels,  the  tine 
to  reach  yield  ranges  between  ,01  and  0.1  second.  The  dynamic 
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Increase  factor  for  thtoo  loading  ratal  la  about  1.1.  However, 
atoal  elements,  particularly  elements  designed  to  withstand  high 
praaaura  1 avals,  nay  have  auch  miller  periods.  The  approximate 
time  to  yield  under  dynamic  loading  for  typical  applications  la 
In  the  range  of  approximately  0.2  - 0.3  time  the  fund mental 
period  of  vibration  of  tha  structure  or  mehbsr  being  loaded. 

Using  this  relation,  it  follovs  that  for  etructuras  with  a period 
of  0.1  second  or  greater,  the  ratio  of  dynamic  to  static  yield 
stress  is  1.2;  while  for  structures  with  a period  of  lees  than 
0.1  second,  a ratio  greater  than  1.2  la  Indicated.  Tha  data  are 
presented  In  graphical  fora  in  Figure  2,2  which  shows  a dynamic 
Increase  factor  of  1.3  for  very  rapid  loading.  From  this  diagram, 
a value  for  the  dynamic  stress  increase  factor  can  be  detsnlned 
based  upon  the  rate  of  strain  corresponding  to  the  response  of 
the  structural  element.  The  strain  rate,  assumed  to  be  a constant 
value  from  zero  atrain  to  yielding,  may  be  determined  according 
to  the  following  relations: 

c - Ae/At  - (Ao/E)/At  (2.1) 

For  high-strength  low-alloy  steels,  a limited  number  of 
strain-rate  teats  show  a flattening  out  of  the  dynamic  yield  In- 
crease at  higher  strain  rates.  For  this  reeson,  until  more  com- 
plete data  become  available,  incraasea  above  10  percent  are  not 
recommended  for  hlgh-etrength  ateela. 

On  the  basla  of  the  above,  the  dynamic  lncraaae  factors 
recommended  for  use  In  dynamic  design  are  summarised  In  Table  2.1. 

TABLE  2.1  BTNAKIC  STRESS  INCREASE  FACTORS 

Blgh-Strength 

Pressure  Low-Alloy 

Range  A36  Steel  Steels 

Low  to  Intermediate  1.1  1.1 

High  1.1  or  a higher  value  as  1.1 

determined  from  the  actual 
strain  rate  (Figure  2.2) 

2.2.3  Recommended  Design  Stresses 

The  yield  point  of  steel  under  unlaxinl  tensile  stress  is 
generally  used  as  a base  to  determine  yield  stresses  under  other 
loading  states.  For  Instance,  the  compressive  yield  stress  of 
steel  Is  equal  to  Fy,  the  yield  point  la  tension.  The  sheer  yield 
stress  Is  taken  as  equal  to  O.SSFy. 
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To  determine  Che  plastic  strength  of  a section  under  dy- 
namic loading,  the  appropriate  dynamic  yield  stress  Fdy  aust  be 
used.  In  general  tsras,  Fdy  * c*y»  vhsre  c is  the  dynaaic  increase 
factor  (Table  2.1)  and  Fy  ia  the  yield  streee  of  the  eteel. 

The  ASTM  value  of  the  yield  point  for  a particular  aaterlal 
is  a specified  alniaaia  value.  It  has  been  the  practice  in  design 
for  nuclear  blast  to  use  sn  average  yield  point  which  is  generally 
higher  than  the  prescribed  alniaua.  However,  in  the  design  of: 
steel  structures  for  amminltlon  facilities,  the  probability  of 
occurrence  of  the  load  at  least  once  is  quite  high.  In  addition, 
in  aany  cases  for  operational  requirements,  the  structure  is  to  be 
reusable.  These  factors  call  for  a more  conservative  approach; 
therefore,  it  is  recommended  that  the  specified  alniaua  value  for 
the  yield  stress  be  used  as  e basis  for  computation. 

It  should  be  noted  that  If  the  actual  yield  stress  is 
greeter  than  that  assuaed  in  design,  the  amber  will,  in  feet, 
exhibit  a larger  resistance  leading  to  an  increase  in  dynaaic 
reactions.  Since  the  average  yield  stress  is  about  IS  percent 
higher  than  the  alniaua  for  A36  steels  and  about  S percent  for 
high  strength  steels,  one  can  anticipate  a 10  percent  possible 
increase  in  actual  reaistence.  However,  because  sheer  forces  ere 
computed  as  a function  of  maximum  resistance  rather  then  by  aeans 
of  dynaaic  reaction,  an  adequate  asrgln  actually  exlata  end  could 
compensate  for  any  possible  increase. 

To  summarize,  the  dynaaic  yield  stress  Fdy  is  to  be  equal 
to  the  dynamic  increase  factor  times  the  specified  minimum  yield 
stress  of  the  eteel.  The  dynamic  yielding  streee  in  sheer,  Fdv, 
is  taken  equal  to  O.S5F<jy. 

Fdy  " cPy 

Fdv  - 0.55Pdy  (2.3) 

The  dynamic  yield  stresaea  for  rivets,  bolts  and  welds 
shell  be  taken  equal  to  1.87  time*  the  allowable  atresees  given 
in  Part  l of  the  AISC  Specification.  This  factor  accounts  for  the 
eafety  factor  of  1,7  used  in  deriving  these  allowable  stresses  and 
includes  a dynamic  Increase  factor  of  1.1.  By  the  aame  reasoning, 
the  tabulated  wording  loads  In  ?art  4 of  the  AtSC  Manual  may  ha 
increased  by  a factor  of  1.87  for  use  in  dynamic  design. 
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2*3.1  Introduction 

Although  plastic  behavior  la  not  generally  permissible 
under  service  loading  condition#,  It  la  quits  appropriate  (or  de- 
sign when  the  structure  la  subjected  to  a severe  dynamic  loading 
only  ones  or  at  aost  a few  tinea  during  its  existence.  Under 
blast  pressures.  It  will  usually  be  uneconomical  to  daalgn  a 
structure  to  remain  elastic  and,  aa  a result,  plastic  behavior  la 
normally  anticipated  In  order  to  utilise  more  fully  the  energy- 
absorbing  capacity  of  blast-reolataat  structures.  Plastic  design 
for  flexure  is  based  on  the  assumption  that  the  structure  or  mem- 
ber resistance  is  fully  developed  with  the  formation  of  totally 
plaatlfied  sections  at  the  most  highly  stressed  locations.  To  be 
consistent  with  the  design  assumptions,  the  aetual  structure 
should  be  proportioned  In  such  a manner  aa  to  assure  Its  ductile 
behavior  up  to  the  limit  of  lte  load-carrying  capacity.  This  mode 
of  behavior,  baaed  on  flexural  performance,  wherein  the  structure 
la  permitted  to  develop  Its  full  plastic  capacity  without  pre- 
mature Impairment  of  strength  due  to  secondary  effects,  such  as 
brittle  fracture  or  instability,  la  termed  "the  primary  or  ductile 
mode  of  response". 

Another  aspect  of  dynamic  design  of  steal  structures  sub- 
jected to  blast  loadings  is  the  question  of  rebound.  Unlike  the 
conditions  prevailing  In  rainforead  concrete  structures  where  re- 
bond considerations  are  not  of  primary  concern,  steel  structures 
will  be  subjected  to  relatively  large  stress  reversals  caused  by 
rebound  and  will  require  lateral  bracing  of  unstayed  cosqiresalon 
flaages  which  ware  formerly  In  tension.  Bebound  Is  more  critical 
for  members  supporting  light  dead  loads  and  subjected  to  blast 
pressures  of  abort  duration. 

In  this  context,  structural  resistance  is  determined  on  the 
basis  of  plastic  design  concepts,  taking  into  account  dynamic  yield 
strength  values.  The  design  proceeds  with  the  basic  objective  that 
ths  computed  deforest  lone  of  sltbsr  tha  individual  ambers  or  the 
etructure  ae  a whole,  due  to  the  anticipated  blest  loading,  should 
be  limited  to  prescribed  marl  mum  values  coos  latest  with  safety  and 
tha  desired  poet -accident  condition. 

Deformation  criteria  art  specif  led  in  some  detail  for  two 
different  level#  of  damage  for  acceptor-type  etructure#  located  in 
tha  low  to  intermediate  pressure  level  ranges.  The  aexlsua  defor- 
mations epee if led  for  both  categories  ere  consistent  with  maintain- 
ing structural  integrity  into  the  plastic  range  sad  with  providing 
safety  for  personnel  and  equipment.  The  distinction  between  the 
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two  design  categories  pertains  to  the  amount  of  deformation  aia* 
tained  during  the  blast  loading  and  consequently,  the  post- 
accident condition  of  the  structure. 

Structures  in  the  first  category,  "reusable"  structures, 
are  intended  to  sustain  light  damage  such  that  they  are  reusable 
with  only  minor  repair.  Permanent  deformations  can  be  tolerated 
to  the  extent  that  they  are  compatible  with  future  structural 
safety  and  with  the  Intended  function  of  the  building,  including 
any  manufacturing  operations  which  interface  with  the  structure. 

The  second  category  includes  structures  designed  to  pro- 
vide safety  and  structural  integrity  during  the  accident  but 
permitted  to  sustain  moderate  to  severs  damage.  In  this  case, 
however,  the  damage  is  such  that  the  post-accident  condition  la 
not  compatible  with  future  structural  safety  and  the  damage  is 
such  that  the  repair  work  necessary  to  restore  the  structure  would 
be  excessive.  Such  structures  are,  therefore,  "non-reuaable". 

It  should  be  noted  that  a reusable  structure  will  gen- 
erally be  Don-reusable  after  being  subjected  to  a second  eccldent. 
Consequently,  if  it  is  intended  for  a structure  to  be  reusable 
after  more  than  two  accidents,  the  maximum  deformation  limits 
apmclflsd  in  Section  2.3.3  should  be  reduced. 

In  any  event,  it  is  recognised  that  the  post-accident 
condition  of  any  structure,  however  designed,  will  be  thoroughly 
evaluated  on  an  individual  basis  prior  to  e decision  regarding  its 
suitability  for  repair  and  reuse. 

These  design  categories  are  not  intended  to  cover  the 
eevere  conditions  associated  with  a donor  structure  or  structures 
located  cloae-in  to  a blast . In  such  cases  where  the  design 
objective  la  the  prevention  of  explosion  propagation  or  the  pre- 
vention of  missile  generation,  the  structure  may  be  allowed  to 
approach  incipient  failure,  and  deformations  well  into  the  etraln- 
hardealng  range  may  be  permitted  for  energy  absorption. 

2.3.2  Deformation  Criteria  - Central 

In  order  to  restrict  the  amount  of  damage  to  a structure 
or  element  during  the  process  of  resisting  the  effects  of  an 
accidental  explosion,  limiting  values  must  be  assigned  to  appro- 
priate response  quantities.  Generally  speaking,  two  different 
types  of  values  will  be  specified,  namely:  limits  on  the  level 

of  inelastic  dveasic  response  and  limits  on  the  maximum  deflec- 
tions end  rotations . 
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For  eleneats  which  can  be  represented  aa  elnglc-dcgree-of- 
freadoa  ayatene  such  aa  baaaa,  floor  and  wall  panala,  open-web 
joiata,  and  plataa,  tha  appropriate  quaatitiaa  ara  takas  aa  tba 
— ductility  ratio  and  the  ulna  rotation  at  an  aad  support. 
Following  tba  develonaent  in  S act ion  IV,  Chapter  5 of  W 5-1300, 
tha  ductility  ratio,  u,  ia  dafinad  as  tha  ratio  of  the  aasiaua 
daflactloa  U_)  to  tha  equivalent  clastic  deflection  (XE)  corres- 
ponding to  the  development  of  the  Uniting  reaiatance  on  the 
bilinear  resistance  dlagraa  for  the  elanent.  Thus  i u of  3 cor- 
responds to  a naxinun  dynamic  raaponae  three  tinea  the  equivalent 
elastic  reaponaa.  The  maximum  rotation  at  an  end  support,  9,  la 
illustrated  in  Figure  2.3(a).  Aa  shown,  6 la  tha  angle  between 
tha  chord  Joining  the  aanber  eada  and  the  chord  joining  the  sup- 
port and  a point  on  tha  elanent  where  the  deflection  la  a naxinun. 

lo  the  detailed  analysis  of  a f rente  structure,  representa- 
tion of  the  raaponae  by  a single  quantity  ia  not  possible.  This 
fact  comb load  with  tha  wide  range  and  tine-varying  nature  of  the 
and  conditions  of  the  individual  frane  nanbera  makes  the  concept 
of  ductility  ratio  intractable,  lienee,  for  thla  cane,  the  response 
quant it laa  referred  to  in  the  criteria  ara  tha  aldesuay  deflection 
of  each  atory  and  the  end  rotation,  9,  of  the  individual  nanbera 
with  rsfarcnct  to  a chord  joining  tba  manbar  soda,  aa  illustrated 
in  Figure  2.3(b).  In  addition,  in  lieu  of  e ductility  ratio  eri- 
tarion,  tha  anount  of  inelastic  deformation  1a  raatrietad  by  naans 
of  a limitation  on  tba  total  rotation  paxnlttad  for  tboae  neabara 
with  tba  amallar  apan-to-depth  ratios.  For  neabara  which  are  not 
loaded  between  chair  soda,  such  aa  an  Intar  lor  coluan,  • ia  xaxo 
and  only  thn  aldanway  criteria  nuet  be  considered.  These  reaponaa 
qeaatltiea,  a ideaway  deflection  and  cad  rotation,  are  pert  of  the 
required  output  of  the  computer  program  DYVFA  which  was  developed 
to  perform  tha  lnelaatic  suit  i-degree-of -freedom  analyst e of  frane 
atructurea.  Tha  designer  cea  use  tble  output  to  check  the  eldeswey 
deflection  of  each  atory  and  tha  naxinun  rotation  at  tba  end  of 
each  aanber. 


Section  2.3.3  presents  a euanery  of  the  design  criteria 
for  the  reusable  aad  non -reusable  design  categories  for  bean  ele- 
ments, franca,  plataa,  cold-foread  floor  aad  wall  pea ala  and  open- 
web  Jolete.  In  the  remainder  of  this  section,  tba  criteria  for 
beans  will  be  discussed  in  further  detail. 

In  the  ease  of  individual  boa  elements  where  ductility 
fetloe  ee  high  ae  20  are  observed  at  collapse,  e naxlann  ductility 
ratio  of  3 for  a reusable  structure  ia  specified  ie  order  to  limit 
damage  to  a leva!  for  which  repair  la  economically  feasible.  For 
a structure  which  ia  to  be  designed  aa  moo-reusable  after  an  acci- 
dent, the  structure  can  bn  paxnlttad  to  deflect  to  a ductility 
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ratio  of  6.  In  addition.  Halting  support  rotations  of  1°  and  2° 
arc  specified  for  the  reusable  and  non-reuaable  cases,  respectively 
These  Halting  rotations  are  assigned  aa  reasonable  cstlaates  of 
the  absolute  magnitude  of  end  support  rotations  consistent  with 
the  objectives  of  the  two  design  criteria  levels  as  described  In 
Section  2.3.1. 

Figures  2.4(a)  and  2.4(b)  illustrate  the  interrelationship 
between  these  Halting  values  of  ductility  ratio  and  aupport  ro- 
tation for  the  case  of  doubly  symmetric  I-  and  V-shaped  sections 
with  Fy  * 16  kai  and  Fy  * 50  ksl.  These  results  show  the  variation 
of  the  deflection-span  ratio  versus  the  span-depth  ratio  for 
aiaply-supported  and  fixed-coded  beams.  For  each  type  of  support 
condition,  curves  for  three  ductility  ratios  are  show,  namely: 

u • 1 Elastic  design 

u • 3 Limit  for  reussble  members 

u • 6 Limit  for  noo-reusable  members 

The  limits  for  maximum  rotstlon  are  also  indicated  in  terms  of 
the  ratio  6/L.  the  ratio  1/114  - 0.008??  corresponding  to 
* 1°  (reusable),  and  1/5 1 • 0.0125  for  6My  - 2°  (non- 
reuaable)  . 

The  usual  design  range  for  the  l/d  ratio  varies  from  10 
to  iO,  the  latter  conforming  to  the  AISC  Specification  guideline 
that  the  maximum  L/d  ratio  for  beams  should  not  exceed  a value 
between  22  and  28  depending  upon  the  end  connections. 

For  a given  design  category  (reusable  or  non-reuaable) 
and  particular  support  condition,  the  lover  of  the  tvo  applicable 
curves,  either  support  rotation  or  ductility  ratio  will  govern 
the  design  at  « particular  L/d  value.  Inspection  of  Figure  2.4(a), 
for  Fy  » 36  kai.  Indicates  that  for  simply-supported  beams,  the 
aupport  rotation  governs  the  design  ever  the  practical  range  of 
L/d  for  both  design  categoric*.  In  the  case  of  fixed-end  beam*, 
the  designs  are  Halted  by  the  ductility  ratio  criterion  for  L/d 
values  less  than  19  and  1?.5  for  the  reusable  and  non-reuaable 
categories,  respectively.  Qualitatively,  the  eame  observation* 
hold  for  beam*  with  Fv  - W ksl  as  show  tn  Figure  3.4(b).  As 
would  be  expected  for  thia  hlgh-etrength  steel  at  the  higher  L/d 
ratio* , the  maximum  support  rotations  of  1°  and  2°  restrict  these 
beams  to  relatively  lower  ductility  ratios  as  compared  to  the 
ductility  ratios  for  beams  with  Fy  • 36  ksl. 


SPAN  - OCPTtf  ft*V«0 


sfrueig**^ 

©tho*,21*  w »W  “ 3*  «&«*•*«'  ***** 


Non  - reusable  $»ruc»ufts 
a - •>*  ..  .. 


^ttw*  ' 2 or  nmov  • 6 » whichever  governs 


Figure  2„*U)  iwctIHty  retie  end  «»*i«ys*  rotation  criteria 
fur  compact  S-and  M-shaped  sections  in  simple 
bending,  F - 36  ksi. 


MAXIMUM  OEFi-ECTlON  - SPAN  RATIO. 


SIMPLY- SUPPORTED  BEAMS  

FlXEO- ENDED  BEAMS  — 


***«sass'*  <• 

*moi  : * Rwa,  1 3 , »mc MW  gcv«ms 


'it*  • 'tcSOO  * S»TySfuf«S' 

;2*  Pme*  * € . whsctewef  govams 


Figure  2.4(b)  totitity  retie  end  Kasious!  relation  criteria 

for  cwH«ct  b and  W-shaped  sections  in  siapte 

bending,  F * SD  ksi. 
y 


In  the  following  section,  the  deformation  criteria  ara 
summarized  for  frames,  beams  and  other  structural  elements  In- 
cluding plates,  cold-formed  steel  panels  and  open-veb  joists. 

2.3.3  Sumary  of  Deformation  Criteria 

(1)  Beam  elements  including  purlins,  spandrels 
and  girts 

(a)  Reusable  structures 

Qnax  * 1°  or  " 3,  whichever  governs 

(b)  Non-reusable  structures 

8UX  " 2°  or  * 6,  whichever  governs 

BOTE:  For  doubly-symnetric  beams  subject  to 

bi-axial  bending,  more  stringent  criteria 
are  recommended  in  Section  3.5. 

(2)  Frame  structures 

(a)  Reusable  structures 

For  aldesway,  maximum  6/H  » 1/50 

For  Individual  frame  members,  0max  «*  1° 

BOTE:  For  Fy  « 36  ksi,  8max  should  be 

reduced  according  to  the  following 
relationship  for  L/d  less  than  13, 

8max  * °«07  L/d  ♦ 0.09 

For  the  higher  yield  steels, 

®max  “ 1°  governs  over  the  practical 
range  of  1,/d  values. 

(b)  Non-reusable  structures 

For  sidasway,  maximum  6/H  « 1/25 

For  individual  frame  members,  0aax  - 2° 

BOTE:  For  Fy  ■ 36  ksi,  9«u,y  should  be 

reduced  according  to  the  following 
relationship  for  L/d  less  than  13, 
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6 - 0.14  L/d  + 0.18 

For  the  higher  yield  steels, 

9mx  - 2°  governs  over  the  practical 
range  of  L/d  values. 

(3)  Plates 

(a)  Reusable  structures 

8^^  «*  2C  or  uMX  » 5,  whichever  governs 

(b)  Non-reusable  structures 

8mx  " 4°  or  1>MJ[  - 10,  whichever  governs 

(4)  Cold-foraed  steel  floor  and  wall  panels 

(a)  Reusable  structures 

8^,  - 0.9°  or  • 1.25,  whichever 
governs 

(b)  Non-reusable  structures 

- 1.8°  or  u|iax  ■ 1.75,  whichever 
governs 

NOTE:  A discussion  of  the  behavior  of  cold-foraed 

panels  is  presented  in  Section  3.7. 

(5)  Open-web  joists 

(a)  Reusable  structures 

®*ax  “ 1°  or  iSsax  " 2*  whichever  governs 

(b)  Non-reusable  structures 

» 2°  or  ■ 4,  whichever  governs 

NOTE:  For  joists  controlled  by  naxinun  end 

reaction,  is  United  to  1 for  both 
reusable  and  non-reusable  structures. 

In  the  above: 

8aax  ■ aaxismn  nenber  end  rotation  (degrees)  aeasured 
from  the  chord  joining  the  aeaber  ends. 
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In  the  process  of  designing  for  the  ductile  mode  of  failure, 
it  is  important  to  follow  certain  provisions  in  order  to  avoid 
premature  failure  of  the  structure,  i.e.,  to  Insure  that  the  struc- 
ture can  develop  its  full  plastic  resistance. 

These  secondary  modes  of  failure  can  be  grouped  in  two  main 
categories : 

(1)  Instability  modes  of  failure 

(2)  Brittle  nodes  of  failure. 

2.4.1  Instability  Modes  of  Failure 

In  this  category,  the  problem  of  structural  instability 
at  two  levels  is  of  concern: 

(1)  Overall  buckling  of  the  structural  system  as  a whole 

(2)  Buckling  of  the  component  elements. 

Overall  buckling  of  framed  structures  can  occur  in  two 
essentially  different  manners: 

(1)  The  load  and  the  structure  are  symmetric;  deformations 
remain  also  symmetric  up  to  a critical  value  of  the  load 
for  which  a sudden  change  in  configuration  will  produce 
instant  anti-symmetry,  large  sidesway  displacement,  and 
eventually  a failure  by  collapse,  if  not  by  excessive 
deformations.  This  type  of  Instability  can  also  occur 
in  the  elastic  domain,  before  substantial  deformation  or 
any  plastlflcatlon  has  taken  place.  It  is  called  "in- 
stability by  bifurcation". 
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(2)  The  loading  or  the  atructure  or  both  are  non-symmetrio. 
With  the  application  of  the  load,  aideaway  develops  pro- 
gresaively.  In  such  cases,  the  vertical  loads  acting 
through  the  sldesway  displacements,  cooaonly  called  "the 
P-A  effect",  create  second  order  bendinR  moments  that 
magnify,  in  turn,  the  deformation.  Because  of  rapidly 
increasing  displacements,  plastic  hinges  form,  thereby 
deci easing  the  rigidity  of  the  structure  and  causing  more 
sldesway.  This  type  of  instability  is  related  to  a con- 
tinuous deterioration  of  the  stiffness  leading  to  an  earlv 
failure  by  either  a collapse  mechanism  or  excessive 
sldesway. 

Frame  instability  need  not  be  explicitly  considered  in  the 
plastic  design  of  one-  and  two-story  unbraced  frames  provided  that 
the  individual  columns  and  girders  are  designed  according  to  the 
beam-column  criteria  of  Chapter  4.  For  frames  greater  than  two 
stories,  bracing  is  normally  required  according  to  the  AISC  pro- 
visions for  plastic  design  in  order  to  insure  the  overall  stabil- 
ity of  the  structure.  However,  if  an  inelastic  dynamic  frame 
analysis  is  performed  to  determine  the  complete  time-history 
of  the  structural  response  to  the  blast  loading,  including  the  P-A 
effects,  It  may  be  established,  in  particular  cases,  that  lateral 
bracing  is  not  necessary  in  a frame  greater  than  two  stories. 

As  mentioned  previously,  the  computer  program  DYNFA  may  be  em- 
ployed for  such  an  analysis. 

Buckling  of  an  element  in  the  structure  (e.g.,  a beam, 
girder  or  column)  can  occur  under  certain  loading  and  end  condi- 
tions. Instability  is  of  two  types: 

(1)  Buckling  of  the  member  as  a whole,  e.g.,  lateral 
torsional  buckling. 

(2)  T/jcal  buckling  at  certain  sections,  including  flange 
buckliug  and  web  crippling. 

Provisions  for  plastic  design  of  beams  and  columns  are  presented 
in  Chapters  3 and  4. 

2.4.2  Brittle  Modes  of  Failure 


Under  dynamic  loading,  there  is  an  enhanced  possibility 
that  brittle  fracture  can  develop  under  certain  conditions.  Since 
this  type  of  failure  is  sudden  in  nature  and  difficult  to  predict, 
it  is  very  Important  to  diminish  the  risk  of  such  premature 
failure. 
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The  complexity  of  the  brittle  fracture  phenomena  precludes 
a complete  quantitative  definition.  As  a result,  it  Is  impossible 
to  establish  simple  rules  for  design. 

Brittle  fractures  are  caused  by  a combination  of  adverse 
circumstances  that  may  include  a few,  some,  or  all  of  the 
following: 

(1)  Local  stress  concentrations  and  residual  stresses 

(2)  Poor  welding 

(3)  The  use  of  a notch  sensitive  steel 

(4)  Shock  loading  or  rapid  strain  rate 

(5)  Low  temperatures 

(6)  Decreased  ductility  due  to  strain  aging 

(7)  The  existence  of  a plane  strain  condition  causing  a 
state  of  trlaxial  tension  stresses,  especially  in  thick 
gusset  plates,  thick  webs  and  in  the  vicinity  of  welds 

(8)  Non-uniformly-dlstributed  blast  loads. 

The  problem  of  brittle  fracture  Is  closely  related  to  the 
detailing  of  connections,  a topic  that  will  be  treated  in  a sepa- 
rate chapter  of  this  report.  However,  there  are  certain  general 
guidelines  to  follow  In  order  to  minimise  the  danger  of  brittle 
fracture: 

(1)  Steel  material  must  be  selected  to  conform  with  the 
condition  anticipated  In  service, 

(2)  Fabrication  and  workmanship  should  meet  high  stan- 
dards, e.g.,  sheared  edges  and  notches  should  be  avoided, 
and  material  that  has  been  severely  cold-worked  should  be 
removed . 

(3)  Proportioning  and  detailing  of  connectlona  should  be 
such  that  free  movement  of  the  base  material  Is  permitted, 
stress  concentrations  and  trlaxial  stress  conditions  are 
avoided,  and  adequate  ductility  Is  provided. 
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CHAPTER  3 


BEAMS  AND  PLATES 


3.1  Introduction 


The  emphasis  in  this  chapter  is  on  the  dynamic  plastic 
design  of  structural  steel  beams  and  plates.  Design  data  have 
been  derived  from  the  static  provisions  of  the  AISC  Specifica- 
tion with  necessary  modifications  and  additions  for  blast  design. 
Since  the  basic  theory  of  plastic  design  of  steel  members  is 
available  in  a number  of  the  references  to  this  report,  this 
material  is  presented  with  a minimum  of  commentary.  It  should 
be  noted  that  all  provisions  on  plastic  design  in  the  AISC  Speci- 
fication apply,  except  as  modified  in  this  report. 

The  calculation  of  the  dynamic  flexural  capacity  of  beams 
and  plates  is  described  in  detail  in  Section  3.2.  In  Sections 
3.3  and  3.4,  the  necessary  information  is  presented  for  deter- 
mining the  equivalent  bilinear  resistance-deflection  functions 
used  in  evaluating  the  basic  flexural  response  of  both  beams 
and  plates.  Also  presented  are  the  supplementary  considerations 
of  adequate  shear  capacity  and  local  and  overall  stability  which 
are  necessary  for  the  process  of  hinge  formation,  moment  redis- 
tribution and  inelastic  hinge  rotation  to  proceed  to  the  devel- 
opment of  a full  collapse  mechanism. 

In  addition,  design  provisions  for  the  following  special 
topics  are  included  in  this  report:  unsymmetrical  bending  (Sec- 

tion 3.5),  blast  doors  (Section  3.6),  cold-formed  steel  floor 
and  wall  panels  (Section  3.7)  and  open-web  joists  (Section  3.S). 

3 . 2 Dynamic  Flexural  Capacity 

The  dynamic  flexural  capacity  of  a steel  section  is  re- 
lated to  its  static  flexural  capacity  by  the  ratio  of  the  dynamic 
to  the  static  yield  stresses  of  the  material  (see  Chapter  2). 
Thus,  the  ultimate  dynamic  moment  resisting  capacity  of  a steel 
section  is  given  by 


V ■ <v  o-» 

where  .V  is  the  dynamic  yield  strength  of  the  material  and  V.  is 
the  plastic  section  modulus.  For  standard  I -shaped  sections 
(S,  W and  M shapes),  the  plastic  section  modulus  is  approximately 
1.15  times  the  elastic  modulus  for  strong  axis  bending  and  may  be 
obtained  from  standard  manuals  on  steel  design.  For  plates  or 
rectangular  cross-section  beams,  the  plastic  section  modulus  is 
1.5  times  the  elastic  section  modulus. 

Preceding  page  blank 
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Figure  3.1  Theoretical  stress  distrilr  tion  fur  pure 
bending  at  various  stages  of  loading. 
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for  s imply -supported  beams  and  plates. 


It  is  generally  assumed  that  a fully  plaatlc  section  offera 
no  additional  realatance  to  load.  Additional  resistance  due  to 
strain  hardening  of  the  Material  is  neglected  because  the  strains 
naceasary  for  this  phenomenon  to  becone  significant  cannot  normally 
be  tolerated.  In  blast  design,  although  strains  well  into  the 
strain-hardening  range  aay  be  tolerated,  the  corresponding  addi- 
tional resistance  is  generally  not  sufficient  to  warrant  analytical 
consideration. 

Figure  3.1  shows  the  stress  distribution  at  various  stages 
of  deformation  for  a plastic  hinge  section.  Theoretically,  the 
beam  bends  elastically  until  the  outer  fiber  stress  reaches  Fjy 
and  the  yield  moment  designated  by  My  is  attained  [Figure  3.1(a)]. 
As  the  moment  Increases  above  My,  the  yield  stress  progresses  in- 
ward from  the  outer  fibers  of  the  section  towards  the  neutral  axis 
as  shown  in  Figure  3.1(b).  As  the  moment  approaches  the  fully 
plaatlc  moment  M^,  a rectangular  stress  distribution  aa  shown  in 
Figure  3.1(c)  la  approached.  The  ratio  between  the  fully  plaatlc 
moment  to  the  yield  moment  ie  equal  to  the  shape  factor  for  the 
section,  l.e.,  the  ratio  ’e tween  the  plaatlc  and  elastic  section 
moduli. 


Representative  moment-curvature  relationships  for  simply- 
supported  steel  beams  and  plates  are  shown  in  Figure  3.2  In  each 
case,  the  behavior  is  elastic  until  a curvature  +_  corresponding 
to  the  yield  moment  My  is  reached.  With  further  Increase  in  load, 
the  curvature  increases  at  a greater  rate  as  the  fully  plastic 
moment  value,  MpU,  is  approached.  Following  the  attainment  of  M^,, 
the  curvature  increases  while  the  moment  remains  constant  at  H^. 

For  design  purposes,  a bilinear  representation  of  the 
moment-curvature  relationship  is  employed  as  shown  by  the  dashed 
lines  in  Figures  3.2(a)  and  3.2(b).  The  plastic  moment  capacity 
to  be  used  in  design,  H_,  la  assigned  la  recognition  of  the  actual 
nature  of  the  transition  between  yield  moment.  My,  and  the  fully 
plastic  moment,  H . Since  a substantial  amount  of  plastic  defor- 
mation must  occur 'be fora  MU,  is  attained,  a reduced  value  of  the 
plastic  design  moment  [M^  in  Figure  3.2(e)]  ie  defined  for  beams 
with  moderate  curvature  (corresponding  to  design  ductility  ratios 
less  than  or  equal  to  3).  For  larger  amounts  of  plastic  deforma- 
tion (daaign  ductility  ratios  greater  than  3),  the  full  value  of 
the  plastic  moment  capacity  (Mp2  • N^)  may  be  used. 

For  plates  and  rectangular  cross-section  beams  [Figure 
3.2(b)],  Mpy  ie  SO  percent  greater  chan  My  and  the  nature  of  the 
transition  from  yield  to  the  fully  pleetlc  condition  depends  upon 
the  plate  geometry  end  end  conditions.  Ie  is  presently  recommended 
that  a capacity  midway  between  My  end  be  used  to  define  the 
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plastic  design  no acne,  M_,  In  all  cases  independent  of  ductility 
rstlo.  the  equivalent  elastic  curvature , 4E,  corresponds  to  the 
development  of  the  plastic  moment  capacity . 

to  summarise,  the  equivalent  plastic  moment  shall  be 
computed  es  follows: 

1.  For  beams  with  design  ductility  ratios  less  than 
or  equal  to  3 and  for  plates  and  rectangular  cross- 
section  beams  with  any  design  ductility  ratio: 

Up  - Fdy(S  4 Z)/2*  (3.2) 

where  S and  Z are  the  elastic  and  plastic  section 
moduli,  respectively. 

2.  For  beams  with  design  ductility  ratios  greater 
than  3 and  beam  columns: 

Hp  - PdyZ  (3.3) 

Equation  3.2  is  consistent  with  test  results  for  beams 
with  moderate  curvatures  and  for  plates.  For  beams  which  are 
allowed  to  undergo  large  curvatures.  Equation  3.3,  based  upon 
full  pleat lficat loo  of  the  section,  is  considered  reaeonable  for 
design  purposes. 

It  Is  important  to  note  that  the  above  pertains  to  beams 
or  plates  which  arc  supported  against  buckling.  Design  provisions 
for  guarding  against  local  and  overall  buckling  of  beams  during 
plastic  deformation  are  discussed  in  Sections  3.3.4,  3.3.3  end 
3.3.6. 


In  the  enelyele  of  structural  steel  members,  it  is  as- 
sumed that  the  plastic  hinge  formation  is  concentrated  at  s sec- 
tion. Actually,  the  plastic  region  extends  over  e certain  length 
that  depends  on  the  type  of  loading  (concentrated  or  distributed) 
and  on  the  ehape  factor  of  the  crosa-aactlon.  the  extent  of  the 
plastic  hinge  has  no  substantial  influence  on  the  ultimate  capac- 
ity; it  has,  however,  so  influence  on  the  final  magnitude  of  the 
deflection.  For  all  practical  purposes,  the  assumption  of  s con- 
centrated plastic  hinge  is  adequate. 

,j 


*$«*  Section  3.4.3  for  a discussion  of  the  effect  of  shear  on  the 
available  moment  capacity  for  plates. 
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3.3  Daaliro  of  Baama  and  Continuous  Be— 


3.3.1  RtilttMct  Function* 


The  alngle-degree-of-fraadoa  analysis  which  sarvaa  at  the 
basis  for  tha  flexural  response  calculation  requires  that  the 
equivalent  stiffness  and  ultimate  resistance  be  defined  for  both 
bean  elements  and  continuous  beans. 

Formulas  for  determining  the  stiffness  and  resistance  for 
ona-vay  steel  base  elenants  ere  presented  In  Table  3.1.  The 
ultimata  resistance  values  correspond  to  developing  a full  collapse 
eschanlme  in  each  case.  Tha  equivalent  stiffnesses  correspond  to 
load-deflection  relationships  that  have  been  Idealised  as  bilinear 
functions  with  Initial  elopes  so  defined  that  the  areas  under  the 
idealised  load  deflection  diagrams  are  equal  to  the  areas  under 
the  actual  diagrams  at  tits  point  of  Inception  of  fully  plastic 
behavior  of  tbs  beam. 

It  Is  Important  to  note  that  the  data  and  discussions  In 
TN  5-1300  on  partial  failure  for  concrete  do  not  spply  to  steel 
where  the  fully  plastic  rcslatance  la  taken  constant  with  an  In- 
crease in  deflection  of  the  beam. 

The  beam  relationships  for  defining  tha  bilinear  resistance 
function  for  multi-span  continuous  beams  under  uniform  loading  are 
summarised  below.  These  expressions  are  predicated  upon  the  forma- 
tion of  a three-hinge  mechanise  In  each  span.  Maximum  economy 
normally  dictates  that  the  epan  lengths  and/or  member  sixes  be 
adjusted  such  that  e mechanism  forms  simultaneously  in  all  spans. 

It  must  be  noted  that  the  development  of  a mechanise  in  a 
particular  span  of  e continuous  beam  assumes  compatible  at if fossa 
propart lea  at  the  mod  supports.  If  the  ratio  of  the  length  of  the 
adjacent  spans  to  the  epee  being  considered  la  excessive  (aay. 
greeter  than  3) . it  may  not  be  possible  to  reach  the  limit  load 
without  the  beam  falling  by  excessive  deflect loo. 

for  uniformly-distributed  loading  on  equal  spans  or  epana 
which  do  not  differ  In  length  by  sore  than  10  percent,  the  follow- 
ing relationships  can  be  used  to  define  the  bilinear  resistance 
function: 


Tfco-epea  continuous  beam: 

- rubL  - 12  Hptt.  (3.*) 

Kg  • 163  El/L3 


(3.5) 
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TABLE  3.1  ULTIMATE  RESISTANCE  ANP  STIFFNESS 
OF  BEAM  ELEMENTS. 


whin  ■ 

b = w?dtr  Qi  Cofitrsbutb^v  LO0d«n§  Area 
Mp- Plostec  Moment  Capacity 
r s *js» ResUtonc*  p*f  Unit  Ar«o 

s yit(f>ot«  Tsto*-  °es  store* 
m * LOOd  35*?  Unit  AtcO 
W = Totoa  Concen*rot«d  Locd 
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Exterior  span  of  continuous  bun  with  3 or  more  spaas: 


Ry  - rubL  - 11.7Hp/L  (3.6) 

Ke  - 163EI/L3  (3.7) 

Interior  span  of  continuous  been  with  3 or  acre  spans: 
8*,  - rubl  - 16.0Mp/L  (3.8) 

KE  - 300E1/L3  (3.9) 


For  design  situations  which  do  not  aeet  the  required 
conditions,  the  bilinear  resistance  function  say  be  developed  by 
application  of  the  basic  procedures  of  plastic  analysis. 

3.3.2  Deal an  for  Flexure 

The  design  of  a structure  to  resist  the  blast  of  an  sect- 
dental  explosion  consists  essentially  of  the  determination  of  the 
structural  resistance  required  to  likil  calculated  deflections  to 
within  the  prescribed  anlwa  values  (Section  2.3.3).  In  general, 
the  reaiatance  and  deflection  may  be  computed  on  the  baela  of  flex- 
ure provided  that  the  ahear  capacity  of  the  web  la  not  exceeded. 
Elastic  shearing  deforms tloua  of  steel  ambers  are  negligible  at 
long  aa  the  depth  to  span  ratio  ia  less  then  about  0.2  and  hence, 
a flexural  analysis  is  normally  sufficient  for  establishing  maxi- 
mum deflect  ions. 

Aa  previously  discussed,  steel  structures  designed  to  re- 
sist accidental  explosions  will  generally  respond  either  to  the 
pressure  only  or  to  the  pressure-time  relationship  when  they  are 
situated  in  the  low  pressure  and  intermediate  pressure  design 
ranges.  Steel  structures  in  e high  pressure  design  range  would 
tend  to  respond  more  to  the  impulse  produced  by  the  blast  pres- 
sures. For  each  case,  the  appropriate  dynamic  response  cherts 
sod  equations  for  cosqxiting  the  required  resistance  of  the  meager 
In  terms  of  the  limiting  deflection  or  ductility  ratio  ere  given 
in  Chapter  6,  Sections  6.3  through  6.9.  of  S-1300.  In  addi- 
tion, Figure  3.3  presents  the  dynamic  load  factor  and  elms- co- 
maximum  response  charts  for  linearly  elastic  system*. 

To  supplement  the  date  in  Chapter  6 of  TH  3-1300.  Table 
3.2  gives  mature!  periods  of  vibration  of  eteel  beams  for  several 
support  conditions.  The  following  expression  caa  be  used  to  de- 
termine the  natural  period  of  vibration  for  any  system  for  which 
the  total  effective  mess  sad  equivalent  elastic  stiffness  in  kaowu: 
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TABLE  3.2  EFFECTIVE  NATURAL  PERIOD  OF 

VIBRATION  FOR  ELASTIC  BEAM  ELEMENTS. 


Period 


Whore : 


v°W£  ^ 


w : Vlsiqhl  p ff  unit  ttngtH(lb/fl) 

Wc  = Totol  COftCtfllrattd  weight  ( ib } 

fl»  a Spon  length  (ft  # 

Q * AceeJerotion  due  to  gr««ily  ( 32.2  ft  /UcJ) 
c a Uoduhtt  of  aiMt icily  (pit) 

s Women!  of  inert  io  {ft*  | 

\ = Effective  eoturei  period  (mc) 


IB 
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3.3  dynamic  load  factor  and  t^/T- curves  for  linearly 
elastic  system, triangular  load. 
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(3.10) 


T|j  “ 

where  - total  effective  mass 

e 

KS  - «„/*£ 

Fy  * ultimate  total  resistance 
Xg  ” equivalent  elastic  deflection 

For  preliminary  design  of  beams  and  plates  situated  in  low 
or  intermediate  pressure  ranges,  it  is  suggested  that  the  structure 
be  designed  to  have  an  equivalent  static  ultimate  resistance  equal 
to  1.0  and  0.8  times  the  peak  blast  force  for  reusable  and  non- 
reusable  structures,  respectively.  Since  the  duration  of  the 
loading  for  low  to  intermediate  pressure  rsnges  will  generally  be 
the  same  or  longer  than  the  period  of  vibration  of  the  structure 
and  the  ductility  factor  is  usually  at  least  3.0,  revisions  to  this 
prellminsry  design  from  a dynamic  analysis  will  usually  not  be  aub- 
stantial.  However,  for  structures  where  the  loading  environment 
pressure  is  such  that  the  load  duration  is  short  as  compared  with 
the  period  of  vibration  of  the  structure,  this  procedure  may  re- 
sult in  s substantial  overestimate  of  the  required  resistance. 

The  rebound  behavior  of  the  structure  oust  not  be  over- 
looked. Procedures  and  data  for  calculating  the  elastic  rebound 
of  structures  are  contained  in  Chapter  6 of  TM  5-1300.  The  pro- 
visions of  Section  3. 3. A,  Local  Buckling,  and  Section  3.3.8, 

Lateral  Bracing,  shall  apply  in  the  design  for  rebound. 

3.3.3  Design  for  Shear 

Shearing  forces  are  of  significance  in  plastic  design  pri- 
marily because  of  their  possible  Influence  on  the  plastic  moment 
capacity  of  a steel  member.  At  points  vhere  large  bending  moments 
and  shear  forces  exist,  the  assumption  of  an  ideal  elssto-plastlc 
stress-strain  relationship  indicates  that  during  the  progressive 
formation  of  a plastic  hinge,  there  is  a reduction  of  the  web  area 
available  for  shear.  This  reduced  area  could  result  in  an  initia- 
tion of  shear  yielding  and  possibly  reduce  ths  moment  capacity. 

However,  it  has  been  found  experimentally  that  I-shaped 
sections  achieve  their  fully  plastic  moment  capacity  provided  that 
the  average  shear  stress  over  the  full  web  area  is  less  than  the 
yield  stress  in  shear.  This  result  can  basically  be  attributed 


AG 


to  the  fact  that  I-shaped  sections  carry  moment  predominantly 
through  the  flanges  and  shear  predominantly  through  the  web. 

Other  contributing  factors  include  the  beneficial  effects  of 
strain  hardening  and  the  fact  that  combinations  of  high  shear 
and  high  moment  generally  occur  at  locations  where  the  moment 
gradient  la  steep. 

The  yield  capacity  of  ateel  beams  in  shear  la  given  by: 

VP  - ydA  (3*n) 

where  V la  the  shear  capacity,  Fdy  la  the  dynamic  ahear  yield 
strength  of  the  ateel  (Section  2.2.3)  and  Ay  it  the  area  of  the 
web.  For  1 -shaped  beau  and  similar  flexural  members  with  thin 
webs,  only  the  web  area  betwaan  flange  plates  should  be  used  in 
calculating  Ay. 

For  several  particular  load  and  support  conditions,  equa- 
tions for  the  support  shears,  V,  for  one-way  elements  ara  given 
in  Table  3.3.  As  discussed  above,  aa  long  as  the  acting  shear  V 
does  not  exceed  Vp,  I-shaped  sections  can  ba  considered  capable  of 
achieving  their  full  plastic  moment.  If  V is  greater  than  Vp,  the 
web  area  of  the  chosen  section  is  Inadequate  and  either  the  web 
must  be  strengthened  or  a different  section  should  be  selected. 

However,  for  cases  where  the  web  is  being  relied  upon  to 
carry  a significant  portion  of  tba  moment  capacity  of  the  section, 
such  as  rectangular  crosa-aactlon  beams  or  built-up  sections,  the 
influence  of  shear  on  the  available  moment  capacity  must  be  con- 
sidered aa  treated  below  in  Section  3.4.3. 

In  order  to  avoid  plastic  shear  deformations  in  open  web 
joists  and  similar  trussed  structures,  the  computed  maximum  ten- 
silt  stress  in  the  veb  members  should  not  txceed  90  percent  of  the 
dynamic  yield  stress  of  the  material.  Web  members  in  compression 
must  meet  the  requirements  of  Chapter  4.  Design  procedures  for 
open-web  joists  are  suamarixed  in  Section  3.8. 

3.3.4  Local  Buckling 

In  order  to  insure  that  a ateel  beam  will  attain  fully 
plastic  behavior  and  possess  the  assisted  ductility  at  plastic  hinge 
locations,  it  is  necessary  that  the  elements  of  the  beam  section 
meet  minimum  thickness  requirements  sufficient  to  prevent  a local 
buckling  failure.  Adopting  the  plastic  design  requirements  of  the 
AISC  Specification,  the  width-thickness  ratio  for  flanges  of  rolled 
1-  and  V-shapea  and  similar  built-up  single  web  shapes  that  would 
be  subjected  to  compression  involving  plastic  binge  rotation  shall 
not  exceed  the  following  values: 
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Where 


b = Width  Of  Looked  Areo 
V = Support  Shear 


u 


Ultimote  Reslstonce  per  Unit  Areo 
Ru  = Ultimote  Total  Resistance 
w = Load  per  Unit  Area 
"W  = Total  Concentrated  Load 


U2 


v,rjt> iJi*.  s.  ^.^naKr^iYyVMi A tf 


FyOCSi) 


bf/2tf 


36 

8.5 

42 

8.0 

45 

7.4 

50 

7.0 

55 

6.6 

60 

6.3 

65 

6.0 

where  F is  the  specified  minimum  static  yield  stress  for  the 
steel,  bf  is  the  flange  width  and  tf  is  the  flange  thickness. 

The  width-thickness  ratio  of  similarly  compressed  flange 
plates  in  box  sections  and  cover  plates  shall  not  exceed  19Q//Fy. 
For  this  purpose,  the  width  of  a cover  plate  shall  be  taken  as  the 
distance  between  longitudinal  lines  of  connecting  rivets,  high- 
strength  bolts  or  welds. 

The  depth-thickness  ratio  of  webs  of  members  subjected  to 
plastic  bending  shall  not  exceed  the  value  given  by  Equation  3.12 
or  3.13,  as  applicable. 

(3.12) 


(3.13) 


Py  - the  plastic  axial  load  equal  to  the  cross- 
sectional  area  times  the  specified  minimum 
static  yield  stress  ? 

These  equations  for  local  buckling  under  dynamic  loading 
have  been  adopted  from  the  AISC  provisions  for  static  loading. 
However,  since  the  actual  process  of  buckling  takes  a finite 
period  of  tioa,  the  member  must  accelerate  laterally  and  the  mass 
of  the  member  provides  an  inertial  force  retarding  this  accelera- 
tion. For  this  reason,  loads  that  might  otherwise  cause  failure 


_d  - 412(1  - 1.4P_)  when  P_  < 0.27 

-v  JTy  py  py  ~ 

- 2 57  vh.n  f_  > 0.27 

t„  Jfy  py 

where  P - the  applied  compressive  load 
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may  be  applied  to  the  members  for  very  short  durations  If  they 
are  removed  before  the  buckling  has  occurred.  Hence,  it  is  ap- 
propriate and  conservative  to  apply  the  criteria  developed  for 
static  loads  to  the  case  of  dynamic  loading  of  relatively  short 
duration. 

These  requlreaents  on  cross-section  geometry  should  be 
adhered  to  in  the  design  of  all  members  for  blast  loading.  How- 
ever, in  the  event  that  it  is  necessary  to  evaluate  the  load- 
carrying  capacity  of  an  existing  structural  aenber  which  does  not 
aeet  these  provisions,  the  ultimate  capacity  should  be  reduced  in 
accordance  with  the  recomendations  made  in  the  Commentary  and 
Appendix  C of  the  AISC  Specification. 

3.3.5  Web  Crippling 

Since  concentrated  loads  and  reactions  along  a short 
length  of  flange  are  carried  by  compressive  stresses  in  the  web 
of  the  supporting  member,  local  yielding  may  occur  followed  by 
crippling  or  crumpling  of  the  web.  Stiffeners  bearing  against 
the  flanges  at  load  points  and  fastened  to  the  web  are  usually 
employed  in  such  situations  to  provide  a gradual  transfer  of  these 
forces  to  the  web. 

Provisions  for  web  stiffeners,  as  given  in  Section  1.15.5 
of  the  AISC  Specification,  should  be  used  in  dynamic  design.  In 
applying  these  provisions,  F should  be  taken  equal  to  the  speci- 
fied static  yield  strength  or  the  steel. 

3.3.6  Lateral  Bracing 

Members  subjected  to  bending  about  their  strong  axis  may 
be  susceptible  to  lateral-torsional  buckling  in  the  direction  of 
the  weak  axis  if  their  compression  flange  is  not  laterally  braced. 
Therefore,  in  order  for  a plastically-designed  member  to  reach 
its  collapse  mechanism,  lateral  supports  aust  be  provided  at  the 
plastic  hinge  locations  and  at  a certain  distance  from  the  hinge 
location.  The  distance  from  the  brace  at  the  hinge  location  to 
the  adjacent  braced  points  should  not  be  greater  than  as  de- 
termined from  either  Equation  3.14  or  3.15,  as  applicable: 


Lcr  m 1375  ♦ 25  when  +1.0  >M  > -0.5  (3.14) 

ry  Fdy  Mp 

lrr  • 1375  When  -0.5  >M  > -1.0  (3.15) 

5T 
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where  ry  - the  radius  of  gyration  of  the  member  about 
Its  weak  axis 

M * the  lesser  of  the  moments  at  the  ends  of  the 
unbraced  segment 

J4  " the  end  moment  ratio,  la  positive  when  the 
Mp  segment  is  bent  In  reverse  curvature  and 
negative  when  bent  In  single  curvature 

Since  the  last  hinge  to  form  in  the  collapse  mechanism  is 
required  to  undergo  less  plastic  deformation,  the  bracing  require- 
ments are  somewhat  less  stringent.  For  this  case,  in  order  to 
develop  the  full  plastic  design  moment,  Mp,  the  following  rela- 
tionship may  be  used  for  members  with  design  ductility  ratios 
less  than  or  equal  to  3. 

Z/rT  - /( 102xl03Cb)/Fy  (3.16) 

where  l • distance  between  cross-sections  braced 

against  twist  or  lateral  displacement  of 
the  compression  flange 

r^  ■ radius  of  gyration  of  a section  comprising 
the  compression  flange  plus  one-third  of 
the  compression  web  area  taken  about  an 
axis  In  the  plane  of  the  web 

Cjj  - bending  coefficient  defined  in  Section 
1.5.1. A. 6a  of  the  AISC  Specification 

However,  in  structures  designed  for  ductility  ratios 
greater  than  3,  the  bracing  requirements  of  Equations  3.14  and 
3.15  must  be  met. 


The  bracing  requirements  for  non-ylelded  segments  of  mem- 
bers and  the  bracing  requirements  for  members  in  rebound  can  be 
determined  from  the  following  relationship: 


F • 1.67 


2/3  - F^l/rx)2 
1530x103^ 


(3.17) 


where  F - the  maximum  bending  stress  in  the  member, 

and  in  no  case  greater  than  Fy 


When  F equals  Fy,  this  equation  reduces  to  the  It rT  requirement 
of  Equation  3.1o. 


Lateral  bracing  support  is  often  provided  by  floor  beau, 
joists  or  purlins  which  frame  into  the  umber  to  be  braced. 

Hence,  in  design,  the  unbraced  lengths  are  essentially  fixed  by 
the  spacing  of  the  purlins  and  girts  and  this  given  spacing  must 
be  checked  for  lateral  buckling.  Since  this  spacing  is  usually 
uniform,  the  particular  unbraced  length  that  nust  be  investigated 
will  be  the  one  with  the  largest  moment  ratio.  For  the  sane  rea- 
son, the  spacing  of  bracing  adjacent  to  the  last  hinge  and  in  the 
non-yielding  segments  of  a member  should  be  checked  when  the 
spacing  in  these  portions  excseds  *cr- 

When  the  compression  flange  is  securely  connected  to  steel 
decking  or  siding,  this  will  constitute  adequate  lateral  bracing 
in  most  cases.  In  addition,  inflection  points  (points  of  contra- 
flsxure)  can  be  considered  as  braced  points. 

Members  built  into  s usonry  wall  and  having  their  web  per- 
pendicular to  this  wall  can  be  assumed  to  be  laterally  supported 
with  respect  to  their  weak  axes  of  bending.  In  addition,  points 
of  contraflexure  can  be  considered  as  braced  points,  if  necesury. 

In  order  to  function  adequately,  the  bracing  muber  must 
meet  certain  minimum  requlreunts  on  axial  strength  and  axial 
stiffness  (ASCE-WRC  Content ary  on  Plastic  Design).  These  require- 
ments are  quite  mlnlul  in  relation  to  the  properties  of  typical 
framing  members. 

Lateral  braces  should  be  welded  or  securely  bolted  to  the 
compression  flange  and,  in  addition,  a vertical  stiffener  should 
generally  be  provided  at  bracing  points  where  concentrated  vertical 
loads  are  also  being  transferred.  Plastic  hinge  locations  within 
uniformly  loaded  spans  do  not  generally  require  a stiffener. 

3.4  Design  of  Plates 

3.4.1  Resistance  Functions 


Stiffness  and  resistance  factors  for  one-  and  two-way  plate 
elwents  are  defined  in  Chapter  5,  Sections  III  and  IV  of  TM  5-1300 
and  by  the  supplmsentary  charts  in  Appendix  A.  These  factors, 
originally  developed  for  concrete  elements  and  based  upon  elastic 
deflection  theory  and  the  yield-line  method,  are  also  appropriate 
for  defining  the  stiffness  and  ultimate  load-carrying  capacity  of 
ductile  structural  steel  plates.  In  applying  these  factors  to 
steel  plates,  the  modulus  of  elasticity  should  be  taken  equal  to 
29,000,000  psl.  For  two-way  isotropic  steel  plates,  the  ultimate 
unit  positive  and  negative  moments  are  equal  in  all  directions; 
i .e . , 
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«vn  - - ^Sm  - «hp  - «p 

where  Mp  Is  defined  by  Equation  3.2.  Since  the  atlffneee  factors 
were  derived  for  plates  with  equal  stiffness  properties  In  each 
direction,  they  are  not  applicable  to  the  case  of  orthotropic  steel 
plates,  such  as  stiffened  plates,  which  have  different  stiffness 
properties  In  each  direction. 

3 . A . 2 Design  for  Flexure 

The  flexural  design  of  a steel  plate  proceeds  In  essentially 
the  sane  Manner  as  the  design  of  a beam.  As  for  beams.  It  Is  sug- 
gested that  dynamic  load  factors  of  1.0  and  0.8  be  used  for  the 
preliminary  design  of  reusable  and  non-reu sable  plate  structures, 
respectively.  With  the  stiffness  and  resistance  factors  from 
Section  3.4.1  and  taking  into  account  the  influence  of  shear  on 
the  available  plate  moment  capacity  as  defined  In  Section  3.4.3, 
the  dynamic  response  and  rebound  for  a given  blast  loading  may  be 
determined  from  the  response  charts  In  Chapter  6 of  TM  5-1300  and 
Figure  3.3.  The  recommended  maximum  deflections  and  support  ro- 
tations for  plates  are  provided  in  Section  2.3.3. 

3.4.3  Design  for  Shear 

In  the  design  of  rectangular  plates,  the  effect  of  simul- 
taneous high  moment  and  high  shear  at  negative  yield  lines  upon 
the  plastic  strength  of  the  plate  may  be  significant.  In  such 
cases,  the  following  Interaction  formula  describes  the  effect  of 
the  support  shear,  V,  upon  the  available  moment  capacity,  N: 

M/Hp  - 1 - (V/Vp)4  (3.18) 

where  Mp  Is  the  fully  plastic  moment  capacity  In  the  absence  of 
shear  calculated  from  Equation  3.3  and  Vp  Is  the  ultimate  shear 
capacity  In  the  absence  of  bending  determined  from  Equation  3.11 
where  the  web  area.  Ay,  Is  taken  equal  to  the  total  cross- 
sectional  area  at  the  support. 

For  two-wmy  elements,  values  for  the  ultimate  support 
shears  are  presented  In  Chapter  5,  Table  5-14,  Section  V of  TM 
5-1300.  These  shears  may  also  be  used  for  steel  plates.  How- 
ever, the  ultimate  shearing  stresses  given  In  Section  V for  con- 
crete elements  are  not  applicable  to  steel. 

It  should  be  noted  that  due  to  the  inter-relationship  be- 
tween the  support  shear,  V,  the  unit  ultimate  flexural  resistance. 


47 


ru,  of  the  two-way  element,  and  the  fully  plaatlc  moment  raaiatance, 
H_f  Che  determination  of  the  realatance  of  ateel  placea  considering 
Equation  3.18,  la  not  a simple  calculation.  Fortunately,  however, 
the  nuaber  of  lnatancea  when  negative  yield  linee  with  aupport 
ahears  are  encountered  for  ateel  platea  will  be  Halted.  Moreover, 
In  eoat  application*,  the  V/Vp  ratio  ia  auch  that  the  available 
moment  capacity  la  at  leaat  equal  to  the  plaatlc  deaign  moment 
for  rlatea  (Equation  3.2). 

To  ausaurlze,  if  the  V/Vp  ratio  on  negative  yield 
linea  ia  leaa  than  0.67,  the  plaatlc  deaign  moment  for  platea, 
aa  determined  from  Equation  3.2,  ahould  be  uaad  in  deaign.  How- 
ever, if  V/Vp  la  greater  than  0.67,  the  Influence  of  ahaar  on  the 
available  moment  capacity  muat  be  accounted  for  by  mean*  of 
Equation  3.18. 

3.S  Special  Provlalona  for  Unaymaetrlcal  Banding 

The  term  "unayametrlcal  bending'*  refere  to  a situation 
where  flexural  member*  are  subjected  to  tranaveree  loads  acting 
in  a plana  other  than  a principal  plane.  With  this  type  of 
loading: 

1.  The  member's  neutral  axis  Is  not  perpendicular 
to  the  plane  of  loading. 

2.  Stresses  cannot  in  general  be  calculated  by 
means  of  the  simple  bending  formula  (Mc/1). 

3.  The  bending  deflection  does  not  coincide  with 
the  plane  of  loading  but  la  perpendicular  to 
the  inclined  neutral  axis. 

4.  If  the  plane  of  loads  does  not  peas  through 
the  shear  center  of  the  cross-section,  bending 
is  also  accompanied  by  twietlng. 

Deubly-symaetrlc  S-,  V-  and  box  sections  acting  as  indi- 
vidual beam  elements  and  subjected  to  bl-axlal  bending,  l.c., 
uneymeetrlcal  bending  without  torsion,  can  be  treated  in  the 
following  manner.  The  inclination  of  the  elastic  and  plastic 
neutral  axis  through  the  centroid  of  the  section  can  be  calcu- 
lated directly  from  the  following  relationship  (sss  Fig.  3.4): 

tan  e • (Ix/Iy)tao  4 (3.19) 

where  a ■ angle  between  the  borlsontel  prin- 

cipal plane  end  the  neutral  axle 
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3 * Elastic  deflection 


Figure  3.<i  biaxial  bending  of  a doubly- 
syataetric  section. 


b - angle  between  the  plane  of  the  load 
and  the  vertical  principal  plane 

and  x and  v refer  to  the  horizontal  and  vertical  principal  axea 
of  the  c rose -sect ion. 

The  equivalent  elastic  section  nodulus  may  be  evaluated 
from  the  following  equation: 

S - (SxSy)/(Sycosb  + Sxsin$)  [3.20(a)} 

where  ■ elastic  section  modulus  about  the  x-axla 

Sy  ■ elastic  section  modulus  about  the  y-axia. 

The  plastic  aeceion  Modulus  can  be  calculated  as  the 
sum  of  the  static  moments  of  the  fully  yielded  elements  of  the 
equal  croas-aectlon  areas  above  and  below  the  neutral  axis,  l.e.: 

Z " Ac*i  + *t*2  [3.20(b)! 

NOTE:  Ac«j  ■ *tm2  *°T  * douDiy- 

syanetric  section 

whe*£  Ae  • area  of  cross-section  in  compression 

\ - area  of  cross-aection  In  tension 

* distance  from  neutral  axla  to  the  cen- 
troid of  the  area  in  compression 

«*2  « distance  fro*  neutral  axis  to  the  cen- 
troid of  the  area  in  tension 

With  these  values  of  the  elastic  and  plastic  section 
aoduli,  the  design  plastic  moment  capacity  can  be  determined  from 
Equation  3,2. 

In  order  to  define  the  stiffness  and  bilinear  resistance 
function,  it  is  necessary  to  determine  the  elastic  deflection  of 
the  beam.  This  deflection  mar  be  calculated  by  resol vine  the 
load  Into  components  acting  in  the  principal  planes  of  the  cross- 
aection.  the  elastic  deflection,  S,  is  calculated  as  the  resul- 
tant of  the  deflections  determined  by  simple  bending  calculations 
in  each  airectloo  (see  Fig.  3*4).  the  equivalent  einatic  deflec- 
tion on  the  bilinear  resistance  function,  may  then  be  deter- 
mined by  assuming  that  the  elastic  stiffness  is  valid  up  to  the 
development  of  the  design  plastic  moment  capacity,  Np . 


The  bracing  requirement*  of  Section  3.1.6  may  not  be 
totally  adequate  to  permit  a biaxial ly-loaded  aectlon  to  deflect 
into  the  Inelastic  range  without  premature  failure.  For  lack  of 
data,  the  provialona  of  Section  3.3.4  on  lateral  bracing  may  be 
used  but  the  ductility  ratios  should  be  limited  to  1.5  and  3.0 
for  the  reusable  and  non-reu sable  design  categories,  respectively. 
In  addition,  as  in  Section  2.3,  the  total  member  end  rotation 
corresponding  to  the  total  deflection  due  to  the  inclined  load 
must  be  limited  to  1°  and  2°  for  reusable  and  non-reusable  struc- 
tures. The  actual  details  of  support  conditions  and  bracing  pro- 
vided to  such  members  by  the  other  primary  and  secondary  members 
of  the  frame  must  be  carefully  considered  to  ensure  that  the 
proper  conditions  exist  to  permit  deflections  In  the  inelastic 
range. 


The  inelastic  behavior  of  sections  subjected  to  unaym- 
metrical  bending,  with  twisting,  is  not  properly  known  st  present. 
Consequently,  the  use  of  sections  with  the  resultant  load  not 
acting  through  the  shear  center  la  not  recomaendad  in  plastic 
design  of  blast -resistant  structures,  unless  the  sections  are 
toraiottally  constrained.  In  actual  installations,  however,  the 
toraional  cooatraint  offered  to  a purlin  or  girt  by  the  flexural 
rigidity  of  the  floor,  roof  or  wall  panels  to  which  it  la  attached 
My  force  the  secondary  member  to  deflect  in  the  plane  of  loading 
with  little  or  no  torsional  effects.  Under  such  conditions  or 
when  some  other  means  of  bracing  is  provided  to  prevent  torsional 
rotation  in  both  the  loading  and  rebound  phases  of  the  response, 
such  unsymamtrlcally  loaded  members  may  be  capable  of  performing 
well  in  the  plastic  range,  however,  because  of  the  limited  data 
present ly  available,  there  la  insufficient  basis  for  providing 
practical  design  guidelines  in  this  area.  Hence,  If  a case  in- 
volving unaymmetrlcal  bending  with  torsion  cannot  be  avoided  in 
design,  the  maximum  ductility  ratio  should  be  limited  to  1.0. 

For  unconstrained  torsion,  a ductility  ratio  of  1.0  does 
not  necessarily  provide  assurance  of  limited  deformation.  Unless 
special  precautions  are  taken  to  restrict  the  torsional-flexural 
distortions  that  can  develop  under  unaymmetrlcal  loading  with 
toraioo,  tba  flexural  capacity  of  the  masher  may  be  significantly 
reduced. 


Fortunately,  In  blast  design,  the  cumber  of  aituetlona 
where  uaeymmetrlcal  bending  might  cause  difficulty  la  rather 
limited  and  even  where  encountered,  it  can  be  treat*!  without 
serious  economic  penalty.  Due  to  the  fact  that  blast  overpressure 
loads  act  no real  to  the  surfaces  of  a Structure,  the  use  of  doubly- 
symmetric  cross -sect ion*  for  purlins  and  girts  Ce.g. , hot-rolled 
S-aod  V-eectlooe  or  cold-formed  channels  used  back-to-back)  is 
generally  recommended,  la  much  cases,  the  deformation  criteria 


for  flexural  members  in  Section  2.3.3  apply*  For  other  applica- 
tions such  aa  built-up  blaat  doors  (Section  3.6) , It  Is  often 
desirable  to  use  single-channel  section-.  In  this  case,  the  nec- 
essary torsional  restraint  la  actually  provided  by  the  steel 
plates  attached  to  one  or  both  flanges.  This  fact,  coablned  with 
the  short  spans  Involved,  permits  these  sections  to  perform  sell 
In  the  Inelastic  range. 

The  treatment  of  the  problem  of  biaxial  bending  in  the 
presence  of  exiel  force  which  cen  arise  in  the  dealga  of  rigid 
framea  for  e quartering  load  on  e rectangular  building  la  dis- 
cussed In  Chapter  3.  Interaction  equations  for  biaxial  bending 
are  presaated  In  Chapter  4. 

3.6  Special  Provisions  for  Blaat  Doors 

Blast  doors  can  be  grouped  Into  two  main  categories,  i.e. , 
pressure  doors  sad  fragment  doors,  and  may  also  be  listed  es  to 
their  method  of  opening: 

1 . Single-leaf 

2.  Double-leaf 

3.  Vertical  lift 

4.  ttorlxontal  eliding 

The  first  category,  pressure  doors,  includes  doors  which 
amat  resist  blast  pressures  only.  The  second  category,  fragment 
doors,  includes  doors  which  swat  resist  primary  fragment  Impact 
In  addition  to  blest  pressures.  Blast  door  exposure  to  f repute t 
impact  1«  a function  of  the  door  orientation  to  the  source  of  aa 
explosion,  the  distance  from  the  explosion  end  the  nature  of  the 
donor  source.  Procedures  for  defining  fragment  character let ica 
and  for  determining  fragment  Input  effects  on  concrete  barriers 
•re  given  in  Chapters  4 and  8,  respectively,  of  TK  $-1300.  In- 
formation on  peaatratlon  into  steel  plates  la  under  development 
for  Plenties?  arsenal  by  Aanaan  4 Uhltaey  end  will  be  presented 
in  the  report  "Primary  Fragment  Characteristic*  and  Penetration 
of  Stmel,  Concrete  end  Other  Materials'*,  Manufacturing  Technology 
Directorate,  Picetlsny  Arsenal. 

There  ere  two  types  of  bleat-door  construct generally 
used.  The  first  type  la  a heavy  steel  piste  vbllt  ttK-  second  is 
e built-up  door  consisting  of  e relatively  light  outside  plate 
supported  by  a channel  free*.  Tbs  choice  of  either  a plats  door 
or  e built-up  door  aunt  be  baaed  upon  coeparlaon  of  th«ir  relative 
economy  considering  the  particular  blast  pressure  and  rragmer t 
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environment  along  with  any  other  factors  such  as  insulation  or 
hardware  requirements.  Plate  doors  are  used  for  both  high  (50  psi 
and  greater)  and  low  pressure  ranges  and  where  fragment  impact  is 
critical.  For  lower  pressure  range*  (10  psi  and  leas)  where  frag- 
ment impact  is  not  a problem,  the  use  of  built-up  doors  is  a prac- 
tical arrangement. 

Figure  3.5  illustrates  a typical  plate  blast  door.  The 
direct  load  produced  by  the  blast  will  be  transmitted  from  the 
door  to  the  supports  by  bearing;  while  reversal  action  of  the  door 
and  the  effects  of  negative  pressure  are  transmitted  to  the  door 
supports  by  several  reversal  bolts  along  the  vertical  edges.  The 
reversal  bolts  eliminate  the  need  to  design  the  hinges  for  rebound. 
On  wider  doors,  reversal  bolts  may  be  placed  on  the  top  and  bottom 
door  edges  also,  to  take  advantage  of  possible  two-way  action  of 
the  plate.  Additional  blast  door  details  are  provided  in  Appen- 
dix C. 


Figure  3.6  depicts  a typical  built-up  door.  The  peripheral 
door  frame  is  composed  of  channels  with  other  horizontal  channels 
serving  as  intermediate  supports  for  the  door  plate.  All  of  the 
channel  sections  and  the  plate  are  connected  by  welding.  The  mech- 
anism for  reversal  loads  is  similar  to  that  used  for  the  plate 
doors,  except  that  the  hinges  usually  are  designed  to  serve  as  the 
reversal  bolts  on  one  side  of  the  door  due  to  the  lower  magnitude 
of  the  blast  pressures  involved. 

Tv' t typical  plate  blast  door  is  first  sized  for  fragment 
penetration,  if  any,  and  then  is  designed  to  resist  the  blast 
pressures  as  a two-way  plate  with  all  sides  simply-supported. 

Design  charts,  equations  and  procedures  are  given  in  Chapter  5 of 
TM  5-1300.  Recommended  design  stresses  and  deformation  limits 
are  listed  in  Chapter  2 of  this  report.  The  reversal  bolts  are 
designed  for  the  maximum  rebound  forces  as  determined  from  Fig. 

6-8  of  TM  5-1300. 

For  the  built-up  blast  door,  the  exterior  plate  is  de- 
signed as  a continuous  member  supported  by  the  transverse  channels. 
In  turn,  e channels  are  then  designed  as  simply-supported  mem- 
bers, the  applied  load  being  equal  to  the  blast  pressures  on  the 
exterior  plate.  The  vertical  supporting  channels  are  designed 
for  the  rebound  forces  as  are  the  hinges  and  reversal  bolts.  If 
a backing  plate  is  used,  the  plate  should  be  designed  for  the 
maximum  acceleration  forces  caused  by  the  applied  blast  pressures. 


54 


ast  door 


3.7 


Special  Provisions  for  Cold-Formed  Steel  Panda 


3.7.1  Ganaral 

Cold-formed  steal  panels  are  widely  used  In  the  construc- 
tion of  industrial  installations  and  pre-englneered  buildings  as 
roof  and  floor  decking  and  wall  siding.  The  behavior  of  these 
panels  differs  significantly  from  that  of  hot-rolled  structural 
members  due  to  the  cross-sectional  shapes,  as  dictated  by  the 
requirements  for  economical  mass  production,  and  to  the  large 
width- thickness  and  depth-thickness  ratios  of  the  thin  plate  ele- 
ments which  make  up  the  cross-sections.  For  static  design,  the 
AISI  Specification  for  the  Design  of  Cold-Formed  Steel  Members 
provides  the  necessary  design  guidelines.  Consideration  of  the 
blast -resistant  capacity  of  such  panels  requires  additional  pro- 
visions as  susmarlsed  in  this  section. 

Under  static  loading,  it  is  known  that  the  load-deflection 
curve  for  cold-formed  members  is  markedly  non-linear  and  strongly 
dependent  on  the  extent  of  local  instability.  Effective  utilisa- 
tion of  the  bending  properties  of  cold-formed  sections  is  obtained 
by  accounting  for  the  post -buckling  strength  of  stiffened  com- 
pressed flanges.  This  concept,  substantiated  by  numerous  tests, 
is  implemented  in  the  AISI  Specification. 

Cold-formed  panels  are  produced  in  either  open  sections 
forming  continuous  corrugations,  or  closed  sections  consisting  of 
* ^l*t  sheet  with  a series  of  hat  sections.  Both  types  are  pro- 
duced with  or  without  intermediate  stiffeners  depending  on  the 
width-thickness  and  depth- thickness  ratios  as  illustrated  in  Fig. 
3.7.  The  amount  of  deformation  that  a specific  section  can  de- 
velop after  reaching  its  maximum  resistance  depends  on  the  width- 
thickness  ratio  of  the  flange.  For  values  of  w/t  < AO,  the 
behavior  is  "ductile"  and  strains  several  times  those  attained  at 
the  onset  of  yielding  are  developed  before  failure.  For  larger  w/t 
and  especially  for  values  greater  than  60,  the  load-carrying  capa- 
city may  be  reduced  abruptly  upon  yielding  of  the  most  stressed 
outer  fiber.  For  an  open  cross-section,  the  descending  curve  is 
unstable  in  nature;  whereas  for  a closed  section,  the  decrease  is 
more  gradual,  and  a certain  reserve  capacity  for  energy  absorption 
may  exist,  enhanced  by  the  catenary  action  of  the  flat  sheet,  as 
Illustrated  in  Fig.  3.8(b).  For  this  reason,  it  is  recommended 
that  cold-formed  steel  panels  used  in  blast-resistant  structures 
be  chosen  from  the  closed  type.  Detailed  sketches  of  two  typical 
panel  cross-sections  are  shown  in  Fig.  3.7(c). 

As  stated  previously,  the  AISI  Specification  is  based  on 
the  recognition  and  utilization  of  post-buckling  strength.  On  the 
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Figure  3.7  Cold-formed  sections  and  typical  panel 
configuration. 
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other  hand,  due  to  the  lack  of  sufficient  ductility  or  adequate 
rotation  capacity,  plastic  design  techniques  are  not  presently 
included  in  the  Specification. 

Plastic  design  is  based  on  the  proposition  that  a flex- 
ural element  continues  to  function  with  large  deformations  until 
yielding  has  practically  reached  the  neutral  axis  froa  both  sides, 
thus  forming  a plastic  hinge.  In  that  respect,  normal  plastic 
design  techniques  are  not  directly  applicable  to  cold-formed  con- 
struction. This  is  due  to  the  fact  that  the  width-thickness  and/or 
the  depth-thickness  ratios  are  generally  greatly  in  exceas  of  the 
limits  Imposed  by  the  requirements  for  plastic  hinge  formation  and 
development;  and,  in  most  practical  cases,  local  inelastic  buckling 
of  flanges  or  webs  occurs  first. 

Successive  formation  of  plastic  hinges  in  a continuous 
member  or  structure  produces  a redistribution  of  moments  permitting 
the  utilization  of  the  full  capacity  of  more  cross-sections  of  the 
member  at  ultimate  load  and  results  in  a more  economical  design. 
Whereas  testa  have  shown  that  hot-rolled  members  exhibit  sufficient 
plastic  rotation  capability  and  ductility  to  warrant  the  succes- 
sive formation  of  plastic  hinges,  this  cannot  generally  be  said 
for  cold-formed  shapes.  It  is  possible,  however,  to  account  for 
a relatively  more  limited,  but  definite  amount  of  plastic  behavior 
in  these  shapes. 

At  present,  there  la  limited  data  on  the  load-deformation 
response  of  cold-formed  sections.  Consequently,  it  is  impossible 
to  determine  the  exact  nature  and  extent  of  moment  redistribution 
in  a continuous  member  of  that  type.  However,  the  concept  of 
limited  ductility  and  partial  redistribution  may  be  adopted  when 
designing  panels  to  resist  blast  overpressures,  allowing  for  a 
moderate  shift  in  the  elastic  moment  diagram,  reducing  the  value 
of  maximum  bending  moments  at  the  supports  with  appropriate  in- 
creases for  the  moments  in  the  spans. 

Recent  studies  have  shown  that  the  effective  width  re- 
lationships for  cold-formed  light-gage  elements  under  dynamic 
loading  do  not  differ  significantly  from  the  static  relationships. 
Consequently,  the  recommendations  presented  in  the  AISI  Specifi- 
cation are  used  as  the  basis  for  establishing  the  special  pro- 
visions needed  for  the  design  of  cold-formed  panels  to  resist 
pressure-time  loadings.  Some  of  the  formulas  of  the  Specification 
have  been  extended  to  comply  with  ultimate  load  conditions,  and 
to  permit  limited  performance  In  the  inelastic  range. 

Two  main  modes  of  failure  can  be  recognized,  one  governed 
by  flexure  and  the  other  by  shear.  In  the  case  of  continuous 
members,  the  interaction  of  the  two  influences  plays  a major  role 
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FOR  CLOSED  SECTIONS. 


Figure  3.8  Load-deflection  characteristics  of 
cold-formed, light-gage  sections. 
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In  determining  the  behavior  and  the  ultimate  capacity.  Due  to 
the  relatively  thin  webs  encountered  in  cold-formed  members, 
special  attention  must  also  ba  paid  to  crippling  problems,  ba- 
sically the  design  will  be  dictated  by  the  capacity  in  flexure 
but  subject  to  the  constraints  imposed  by  shear  resistance  and 
local  stability. 


3.7.2  Resistance  in  Flexure 

The  material  properties  of  the  steel  used  in  the  produc- 
tion of  co Id -formed  steel  panels  conform  to  ASTM  Specification 
A446.  This  standard  covers  three  grades  (a,  b and  c)  depending 
on  the  yield  point.  Host  coomonly,  panels  are  made  of  steel  com- 
plying vith  the  requirements  of  Grade  a,  with  a minimum  yield 
point  of  33  ksi  and  an  elongation  of  rupture  of  20  percent  for  a 
2-inch  gage  length. 

In  calculating  the  dynamic  yield  stress  of  cold-formed 
steel  panels,  it  is  recommended  that  a dynamic  Increase  factor  of 
1.1  be  applied  irrespective  of  actual  strain  rate,  and  conse- 
quently, the  value  to  be  used  in  design  will  be 

Fdy  - l.lFy  (3.21) 

and  hence,  Pd  equals  36.3  ksi  for  the  particular  case  of  a 33-kai 
steel.  ‘7 


Ultimate  design  procedures  combined  vith  the  effective 
vldth  concept  are  used  in  evaluating  the  strength  of  cold-formed 
light-gage  elements.  Thus,  a characteristic  feature  of  cold- 
formed  elements  is  the  variation  of  their  section  properties  with 
the  intensitv  of  the  load.  As  the  load  increases  beyond  the  level 
corresponding  to  the  occurrence  of  local  buckling,  the  effective 
area  of  the  compression  flange  is  reduced;  and  as  a result,  the 
neutral  axis  moves  toward  the  tension  flange  with  the  effective 
properties  of  the  cross-section  such  as  A,  I and  S,  decreasing 
with  load  Increase.  The  properties  of  panels,  as  tabulated  by 
the  manufacturer,  are  related  to  different  stress  levels:  the 

value  of  S referring  to  that  of  the  effective  section  modulus  at 
ultimate,  and  the  value  of  I related  to  a service  stress  level  of 
20  ksl.  In  the  case  of  panels  fabricated  from  hat  sections  and  a 
flat  sheet,  two  section  moduli  are  tabulated,  S+  and  S~,  refer- 
ring to  the  effective  section  modulus  for  positive  and  negative 
moments,  respectively.  Consequently,  the  following  ultimate 
moment  capacities  are  obtained: 

Mup  - FdyS+  (3.22) 

Mun  ’ FdyS“  (3.23) 
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where  ■ ultimate  positive  moment  capacity 

for  one-foot  width  of  panel 

- ultimate  negative  moment  capacity 
for  one-foot  width  of  panel 

It  should  be  noted  that  in  cases  where  tabulated  sec- 
tion properties  are  not  available,  the  required  properties  may 
be  calculated  based  upon  the  relationships  in  the  AISI  Design 
Specification. 

As  for  any  single-span  flexural  element,  the  panel  may 
be  subjected  to  different  end  conditions,  either  simply  sup- 
ported or  fixed.  The  fixed-fixed  condition  is  seldom  found  in 
practice  since  this  situation  is  difficult  to  achieve  in  actual 
installations.  The  simple-fixed  condition  is  found,  because  of 
symmetry,  in  each  span  of  a two-span  continuous  panel.  For 
multi-span  members  (three  or  more),  the  response  is  governed  by 
that  of  the  first  span,  which  is  generally  characterized  by  a 
simply-supported  condition  at  one  support  and  a partial  moment 
restraint  at  the  other.  Three  typical  cases  can  be  therefore 
considered : 

1.  Simply  supported  at  both  ends  (single  span) 

2.  Simply  supported  at  one  end  and  fixed  at  the 
other  (two  equal-span  continuous  member) 

3.  Simply  supported  at  one  end  and  partially 
fixed  at  the  other  (first  span  of  an 
equally-spaced  multi-span  element). 

The  resistance  of  the  panel  is  a function  of  both  the 
strength  of  the  section  and  the  maximum  moment  in  the  mmber. 

As  stated  before,  moment  redistribution  is  dependent  on  adequate 
ductility  in  plastic  hinge  regions.  Because  of  the  limited  duc- 
tility of  cold-formed  elements,  the  concept  suggested  here  is 
similar  to  the  one  adopted  in  reinforced  concrete  design,  l.e., 
partial  moment  redistribution,  wherein  the  design  starts  with  the 
elastic  moment  distribution  with  further  reduction  of  the  maximum 
negative  moments  at  the  supports,  and  appropriate  increases 
applied  to  the  in-span  moments. 

A reduction  of  15  percent  in  the  negative  moment  at  the 
inner  support  of  a two  equal-span  continuous  panel  is  considered 
acceptable  whereas  only  a reduction  of  10  percent  in  the  negative 
moment  of  the  inner  support  of  the  first  span  of  a multi-span 
(three  or  more)  continuous  panel  is  recommended.  Using  thtme 
recommendations,  the  computed  maximum  resistances  of  a two-span 
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or  a multi-span  panel  become  eery  close  to  one  another,  and  for 
simplicity,  average  values  shall  be  used  to  cover  both  cases. 

Consequently,  for  design  purposes,  the  following  re- 
sistance formulas  are  reconmended: 

1.  Simply-supported,  single-span  panel 

ru  - (8.0  \p)/L2  (3.24) 

2.  Simple-fixed,  single-span  panel  or  first 
span  of  equally-spaced  continuous  panel 

ru  - (12.2  M^/L2 

or  (3.25) 

ru  - (10.1  H^/L2 

whichever  governs,  and  where  ru  is  the  resistance  per  unit  length 
of  the  panel. 

As  previously  mentioned,  the  behavior  of  cold-formed 
sections  in  flexure  is  non-linear  as  shown  in  Figs.  3.8(a)  and 
3.8(b).  A bilinear  approximation  of  the  resistance-deflection 
curve  is  assumed  for  design.  The  equivalent  elastic  deflection 
Xg  is  obtained  by  using  the  following  equation: 

XE  - (8ruL4)/EIeq  (3.26) 

where  B is  a constant  depending  on  tha  support  conditions  as 
follows: 

8 • 0.0130  for  simply-supported  elements 

6 • 0,0062  for  simple-fixed  or 
continuous  elansnts,  and 

Ieq  " 120 

where  I2q  is  defined  as  the  effective  moment  of  inertia  of  the 
section  st  a service  stress  of  20  ksl.  The  value  of  I2o  1>  gen- 
erally tabulated  as  a section  property  of  the  panel. 

Figure  3.8(c)  illustrates  the  non-linear  character  of 
the  resistance-deflection  curve  and  the  suggested  bilinear  ap- 
proximation. la  defined  as  tha  maximum  deflection  at  maximum 
resistance,  and  is  tha  ultimate  deflection  after  the  drop  in 
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load-carrying  capacity.  Based  on  experimental  evidence,  the  ratio 
of  X]/Xg  has  been  estimated  so  range  between  2.0  and  2.5.  The 
aaount  of  plastic  deformation  which  Is  acceptable  In  dealga  will 
very  In  Magnitude  depending  on  the  reusability  or  non-reusability 
of  tha  panel  after  aa  accidental  explosion. 

The  extent  of  plastic  behavior  is  expressed  in  terns  of 
e ductility  ratio  w - sj/X£.  In  Pig.  3.8(c),  (X,)r  and  (X^) 
designate  the  maximum  deflections  for  reusable  end  non-reuaable 
elements,  respectively.  According  to  the  criteria  in  Section 
2.3.3,  the  following  design  ductility  ratios  are  recoameaded: 

“ ■ ‘Vr'S  ’ 1 .25  for  reusable 

and  (3.27) 

» • <VA  ■ i .75  for  non-reuaable. 

These  values  represent  reasonable  eat  last as  of  the  actual  capa- 
city of  the  member  to  undergo  United  plastic  deforwetloas . Tha 
maximum  displacements  are  kept  below  the  deflection  corresponding 
to  aaxlauw  resistance  in  order  to  prevent  any  serious  impairment 
to  tha  elenent.  Furthermore,  the  area  beyond  (I^q  end  the  des- 
cending curve,  up  to  complete  loss  of  carrying  capacity  is  con- 
sidered a reserve  capacity  for  energy  absorption  and  a safeguard 
against  total  collapse. 

In  addition,  in  order  to  restrict  the  magnitude  of  ro- 
tation at  the  supports,  limitations  are  placed  on  tha  max  mum 
deflections,  namely: 


<Vr  - 17130  or  « 0.9° 

(3.28) 


(X.)o  - L/65  or  - 1.8» 

for  reusable  and  non-reusable  elanents,  respectively.  The  values 
for  maximum  rotations  of  cold-formed  panels  ere  lees  than  those 
recommended  for  hot-rolled  sections  due  to  the  emperimental  obser- 
vation of  small  deflections  at  failure  for  that  type  of  element. 

When  performing  a one-degree-of-freedom  analysis  of  the 
panel's  behavior,  the  properties  of  the  equivalent  system  can  be 
evaluated  by  using  e load-mesa  factor  .74  which  is  an 

average  value  applicable  to  ell  support  conditions.  The  natural 
parlod  of  vibration  for  the  equivalent  single-degree  eye tea  is 
thus  obtained  by 
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Tn  - U/O.ftmLhg  (3. 2 9) 

where  • “ w/g  is  the  unit  sees  of  the  pen si  and  Kg  ■ ruL/X^  1*  the 
equivalent  elastic  stiffness  of  tbs  systee. 

The  problem  of  rebound  should  be  considered  in  tbs  design 
of  decking  due  to  the  different  section  properties  of  the  panel, 
depending  on  whether  the  hat  section  or  the  flat  sheet  is  in  com- 
pression. Figure  3.9  presents  the  eaxlsnm  elastic  resistance  In 
rebound  as  a function  of  T/Tjj.  In  the  practical  design  range, 

?/Tu  Is  generally  larger  than  1.0,  and  hence,  the  required  elastic 
resistance  in  rebound  will  be  less  then  Q.7ru.  Most  decks  have 
section  properties  chat  will  provide  an  elastic  resistance  in  re- 
bound at  least  equal  to  this  value.  However,  for  the  few  cases 
where  the  actual  resistance  of  the  deck  In  rebound  will  be  smaller 
than  that  Indicated  on  the  chart  of  Fig.  3.9,  plastic  behavior  In 
rebound  aaiat  be  considered  and  checked  egelnat  the  design  criteria. 
While  the  behavior  in  rebound  does  not  often  control,  the  designer 
should  be  aware  of  the  prablsai.  In  any  event,  there  Is  e need  for 
providing  connectors  capable  of  resisting  up-llft  or  pull-out 
forces  due  to  load  reversal  in  rebound. 

In  conclusion,  due  to  the  United  amount  of  experimental 
data  available  on  the  performance  of  cold-formed,  light-gage  ele- 
ments In  the  Inelastic  domain,  the  overall  level  of  confidence  in 
the  design  of  that  type  of  element  le  considered  to  be  lower  than 
that  of  hot-rolled  sections.  Rather  than  alter  the  basic  design 
criteria  on  this  count,  it  is  recommended  that  the  peak  pressure 
of  the  pressure-time  loading  obtained  from  TM  5-1300  shall  be 
nultiplled  by  an  Increase  factor  of  1.1  for  the  design  of  the 
panels  only. 


3 . 7 . 3 Resistance  In  Shear 

In  cold-formed  steel  construction,  the  designer  la  faced 
with  somewhat  different  problems  froe  those  encountered  in  hot- 
rolled  eeebere  alnce  webs  with  h/t  veluee  in  exeats  of  60  ere 
common  and,  at  the  earns  time,  the  fabrication  process  makes  it 
Impractical  to  use  stiffeners.  The  design  web  s creases  mist 
therefore  be  limited  to  insure  adequate  stability  without  the  aid 
of  stiffeners,  thereby  preventing  premature  locel  web  failure 
and  the  accoepenylng  loss  of  load-carrying  capacity. 

The  possibility  of  web  buckling  due  to  bending  stresses 
exists  sod  the  critical  bending  ntresn  is  gives  by 

Fcr  - 6*0,000/ (h/t>2  * Fy  (3.30) 


igurc  3.9 


Equating  Fc  Co  3?  k»  1 (•  mm  clues  to  the  yielding  of  the 
meter lei) , '«  value  of  h/t  • 141  te  obtained.  Since  It  le  known 
that  weba  do  not  actually  fall  at  thaae  theoretical  buckling 
etr eaten  due  to  the  development  of  poet-buckling  atrength,  it  can 
be  eafely  aeaumed  that  veba  with  h/t  < ISO  will  not  be  auscap- 
tible  to  flexural  buckling.  Moreover,  since  the  41  SI  recommenda- 
tiona  prescribe  a limit  of  h/t  • ISO  for  uastiffetsed  vaba,  -‘ft la 
type  of  wbb  instability  need  oot  be  considered  in  design. 

Panels  arc  generally  manufactured  In  geometrical  pro- 
port lone  which  preclude  web-shear  problems  when  used  for  recom- 
tasnded  spans  and  alnlausr  support -bearing  lengths  of  2 to  3 Inches. 
In  blast  design,  however,  because  of  the  greater  intensity  of  the 
loading,  the  increase  In  required  flexural  resistance  of  the 
panels  calls  for  shorter  spans.  Aa  a result,  the  problem  of  shear 
resistance  la  magnified  and  requires  special  treatment. 

in  moat  cases,  the  shear  capacity  of  a web  la  dictated 
by  Instability  due  to  either: 

a.  Simple  shear  stresses,  or 

b.  Combined  beading  and  shearing  stresses. 

For  the  case  of  simple  shear  stresses , aa  encountered  et 
an  end  support,  it  is  important  to  distinguish  three  ranges  of 
behavior  depending  on  the  magnitude  of  h/t . For  large  values  of 
h/t,  the  maximum  shear  stress  is  dictated  by  the  elastic  buckling 
in  shear;  for  intermediate  h/t  values,  the  Inelastic  buckling  of 
the  wehe  governs;  whereat  for  very  smell  values  of  h/t,  local 
buckling  will  not  occur  and  failure  will  be  caused  by  Yielding 
produced  by  shear  atrvsaes.  The  provisions  of  the  AlSf  Specifi- 
cation in  this  area  are  based  on  a safety  factor  ranging  from 
1.44  to  i.fe?  depending  upon  h/t.  For  blase -resistant  design,  the 
recommended  design  stresses  for  simple  shear  are  beam!  on  an  ex- 
tension of  the  41SI  provisions  to  comply  with  ultimate  load  con- 
diti«o*.  The  specific  equations  for  use  iu  design  arc  summer! ted 
to  Table  3.4 U) 


At  the  interior  supports  of  continuous  panels,  high 
Ibending  moments  combine  with  large  shear  forces,  end  vebe  swat  be 
cheeked  for  buckling  due  to  combined  bending  and  shear.  The  in- 
teract ton  formula  presented  in  the  AI.S1  Specif  lest  ton  ia  given 
iu  toyma  of  allowable  stresses  rather  than  critical  stresses  which 
produce  buckling.  In  order  to  adapt  this  interaction  formula  to 
ultt-mate  lead  condition*,  the  problem  of  inelastic  buckling  under 
combined  stresses  has  b*«m  considered  Is  the  development  of  the 
recommended  design  data. 


In  order  to  ainialse  the  a Mount  and  complaxlty  of  daaf.go 
calculations,  tha  allowable  dynamic  design  ebaar  etrcaaea  at  the 
later lor  support  of  a continuous  Member  hare  been  computed  for 
dlffereat  depth-thickness  ratios  sod  tabulated  In  Table  3.4(b). 

TABLE  3.4 

DYNAMIC  DESIGN  SHEAR  STRESSES  FOB  WEBS 
OF  COLD- FORKED  MEMBERS  (Fy  - 33.0  ESI) 

(a)  Staple  Shear 

(h/t)  < 63  Fdv  - 0.50Fdy  « 18.0  kal 
63  < (h/t)  « 93  Rdv  - (190^)/ (h/t) 

• (1.14  x 10^)/ (h/t) 

93  < (h/t)  < 150  Pdv  = (1.07  x l05)/(h/t)2 

(b)  Combined  Bending  and  Shear 
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In  addition  to  shear  problems,  concentrated  load*  or  re- 
actions at  panel  supports,  applied  over  relatively  short  lengths, 
can  produce  load  intensities  that  can  cripple  unatiffened  thin 
we ha.  A a stated  in  the  coe«entary  of  the  AlSI  Specification,  a 
theoretical  analysis  of  the  phenomenon  o*  web  crippling  1*  ex- 
treme It  complex  since  it  involves  elastic  end  inelastic  instability 
uttitr  oon-unifom  street  distribution,  combined  with  local  yielding 
In  the  Immediate  region  of  load  application.  The  AIS1  recommenda- 
xlona  have  been  developed  by  relating  extensive  experimental  date 
to  earvice  loads  with  a safety  factor  of  2 ,2  which  was  established 
taking  Into  account  the  scatter  in  the  data.  For  blast  design  of 
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cold-formed  panels,  it  is  recooeended  that  the  A1S1  values  be  aul- 
tlplied  by  a factor  of  1.50  in  order  to  relate  the  crippling  loads 
to  ultimate  conditions  with  sufficient  provision  for  scatter  in 
test  data. 

Since  it  has  been  recommended  that  closed  section  panels 
(flat  sheet  aud  hat  sections)  be  used,  only  those  equations  per- 
taining to  webs  restrained  from  rotation  will  be  considered. 

Using  a yield  stress  of  33.0  ksi  and  the  factor  of  1.50  mentioned 
above,  the  ultimate  crippling  loads  are  given  as  follovs: 

a.  Acceptable  ultimate  end  support  reaction 

Qu  - 49.5c2<4.44  + 0.558*N/t)  <3.31) 

b.  Acceptable  ^ate  interior  support  reaction 

Qu  **  49. 5t2(6 .66  + 1.4464Pt)  (3.32) 

whare  Qu  * ultimate  support  reaction 

M * bearing  length 
t ■ veb  thickness 

The  charts  in  Figs.  3.10(a)  and  3.10(b)  present  the 
variation  of  Qu  as  a function  of  the  web  thickness  for  bearing 
lengths  from  1 to  5 inches,  for  end  and  interior  supports,  re- 
spectively. It  should  be  noted  that  the  values  reported  in  the 
charts  relate  to  one  web  only,  the  total  ultimate  reaction  being 
obtained  by  multiplying  by  the  number  of  webs  in  the  panel. 

In  design,  the  maximum  shear  forces  and  dynamic  reactions 
are  computed  a*  a function  of  the  maximum  resistance  in  flexure. 

The  ultimate  load-carrying  capacity  of  the  webs  of  the  panel  must 
then  be  compared  with  these  forces.  As  a general  comment,  the 
shear  capacity  is  controlled  by  simple  shear  buckling  or  web  crip- 
pling for  simply-supported  elements  and  by  the  allowable  design 
shear  stresses  at  the  interior  supports  for  continuous  panels. 

In  addition,  it  can  be  shown  that  the  resistance  in  shear 
governs  only  in  cases  of  relatively  very  short  spans.  If  a design 
is  controlled  by  shear  resistance,  it  is  recomeiended  that  another 
panel  'e  selected  since  a flexural  failure  mode  is  generally  pre- 
ferred However,  for  existing  installations  that  are  to  be  checked 
for  their  structural  strength  in  a certain  pressure  range,  the 
maximum  resistance  of  the  panel  may  be  determined  by  either  flex- 
ure or  shear,  whichever  controls. 
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Figure  3.10(b) 


Maximum  Interior  support  reaction  for 
cold-formed  steel  sections. 
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Special  Provisions  for  Open-Web  Steel  Joists 

Open-web  Joists  are  commonly  used  as  load-carrying  mea- 
bers  for  the  direct  support  of  roof  and  floor  deck  in  buildings. 
The  design  of  Joists  for  conventional  loads  is  covered  by  the 
“Standard  Specification  for  Open  Web  Steel  Joists,  J-Series  and 
H-Series",  adopted  by  the  Steel  Joist  Institute  and  the  American 
Institute  of  Steel  Construction.  For  blast  design,  all  the  pro- 
visions of  this  Specification  are  in  force,  except  as  modified 
herein . 


These  Joists  are  manufactured  using  either  hot-rolled  or 
co Id -formed  steel.  H-series  Joists  are  composed  of  50-ksi  steel 
in  the  chord  members  and  either  36-ksi  or  50-ksi  steel  for  the  web 
sections.  J-series  Joists  have  36-kai  steel  throughout. 

Standard  load  tables  are  available  for  simply-supported, 
uniformly-loaded  Joists  supporting  a deck  and  so  constructed  that 
the  top  chord  is  braced  against  lateral  buckling.  These  tables 
indicate  that  the  capacity  of  a particular  joist  may  be  governed 
by  either  flexural  or  shear  (maximum  end  reaction)  considerations. 

As  discussed  previously,  it  is  preferable  in  blast  applications  to 
select  a member  whose  capacity  is  controlled  by  flexure. 

The  tabulated  loads  include  a check  on  the  bottom  chord 
as  an  axially-loaded  tensile  member  and  the  design  of  the  top 
chord  as  s coluwi  or  beam  column.  The  width-thickness  ratios 
of  the  unstiffened  or  stiffened  elements  of  the  cross-section  are 
also  limited  to  values  specified  in  the  Standard  Specification 
for  Joists. 

The  dynamic  ultimate  capacity  of  open-web  joists  may  be 
taken  equal  to  1.87  times  the  load  given  in  the  joist  tables. 

This  value  of  1.87  represent#  the  safety  factor  of  1.7  multiplied 
by  a dynamic  Increase  factor  of  1.1. 

The  adequacy  of  the  section  in  rebouud  must  be  evaluated. 
Upon  calculating  the  required  resistance  in  rmbound,  r/ru,  using 
the  rebound  chart  in  Chapter  6 of  IX  5-1300  (Fig.  6-8),  the  lower 
chord  must  be  checked  as  a column  or  beam  column.  If  the  bottom 
chord  of  a standard  joist  is  not  adequate  in  rebound,  the  chord 
must  be  strengthened  either  by  reducing  the  unbraced  length  or  by 
increasing  the  chord  area.  The  top  chord  must  be  checked  as  an 
axial  tensile  member  but  in  most  circumstances,  it  will  be  adequate. 

The  bridging  members  required  by  the  joist  specification 
should  be  checked  for  both  the  initial  and  rebound  phase  of  the 
response  to  verify  that  they  satisfy  the  required  spacing  of  com* 
pression  flange  bracing  for  lateral  buckling. 
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The  joist  tables  indicate  that  the  dealgn  of  some  joists 
is  governed  by  failure  of  the  web  bar  aeabers  in  tension  or  coo- 
presslon  near  the  supports.  In  such  cases,  the  ductility  ratio 
for  the  joist  should  not  exceed  unity.  In  addition,  the  joist 
aeabers  near  the  support  should  be  investigated  for  the  worst  com- 
bination of  slenderness  ratio  and  axial  load  under  load  reversal. 

For  hot-rolled  aeabers  not  limited  by  shear  considera- 
tions, design  ductility  ratios  up  to  the  values  specified  in 
Chapter  2 can  be  used.  The  design  ductility  ratio  of  joists  with 
light  gage  chord  aeabers  should  be  Halted  to  1.0. 

The  top  and  bottom  chords  should  be  synaetrlcal  about  a 
vertical  axis.  If  double  angles  or  bars  are  used  as  chord  aea- 
bers, the  components  of  each  chord  should  be  fastened  together 
so  as  to  act  as  a single  aeaber. 
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COLUMNS  AND  BF.AM  COUWS 


4.1  I ntrodui- 1 Ion 

This  chapter  considers  the  dynamic  design  of  steel  columns 
and  bean  columns.  I.xcept  as  modified  herein,  the  provisions  on 
plastic  design  of  the  current  issue  of  the  AISC  Specification 
apply.  In  addition  to  the  provisions  set  forth  in  this  chapter, 
the  members  should  satisfy  the  requirements  of  Section  3.3.4, 

Local  Buckline,  and  Section  3.3.f>,  Lateral  Bracing. 

The  buckling  strength  of  columns  subjected  to  dynamic 
loading  is  dependent  not  only  upon  the  magnitude  of  the  pressure 
pulse  but  also  upon  the  rise  time  of  the  loading  and  the  duration 
of  the  loading  pulse  relative  to  the  natural  frequency  of  the  mem- 
ber. For  a short  duration  load,  a column  will  sustain  a greater 
load  than  under  static  conditions,  since  inertial  forces  retard 
the  buckling  process,  thereby  providing  a stabilizing  effect, 
lienee,  in  blast  design,  a reasonable  approach  will  be  to  base  the 
calculations  upon  the  static  formulas  for  steel  columns  presented 
in  Part  2 of  the  AISC  Specification  with  the  modification  that  the 
static  vield  stress  is  replaced  by  the  comparable  dynamic  value. 

4.2  Bias  tic  Design  flrlte  r in 

The  design  criteria  for  column®  *nd  be nm. columns  must 
........... »i.  for  their  benavlor  not  only  as  individual  members  but  also 

as  members  of  the  overall  frame  structure.  Within  a rigid  frame, 
the  individual  members  are  subjected  to  various  combinations  of 
axial  load,  bending  moments  and  end  restraint.  In  addition,  their 
stability  is  affected  by  lateral  torsional  buckling  and  the  over- 
all frame  characteristics  in  terms  of  sway  stability  and  lateral 
deflection . 

Depending  upon  the  nature  of  the  loading,  several  design 
cases  may  be  encountered.  Summarized  below  are  the  necessary 
equations  for  the  dynamic  design  of  steel  columns  and  beam-columns. 

(1)  In  the  plane  of  bending  of  compression  members  which 

would  develop  a plastic  hinge  at  ultimate  loading,  the 

slenderneRs  ratio  Hr  shall  not  exceed  Cc  defined  by: 

Cc  «*  Jiir2K/r6y  (4.1) 
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where  E is  the  modulus  of  elasticity  of  steel  in  ksi 
(29,000)  and  F.  is  the  dynamic  yield  stress  (see 
Chapter  2) . y 

(2)  The  ultimate  strength  of  an  axially  loaded  compression 
member  should  be  taken  as: 


P 
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1.7  AF 

a 


(4.2) 


where  A is  the  gross  area  of  the  member  and  Ffl  is  given  by 


1 ~ (Kl/r)2 

Fdy 

2Cc  J 

5 + 3(JU/r)  - (Kl/r)3 

3 

8 Cc 

8C3 

c 

where  Ki/r  is  the  largest  effective  slenderness  ratio. 
See  Section  4.3. 


(3)  Members  subject  to  combined  axial  load  and  biaxial 
bending  moment  should  be  proportioned  so  as  to  satisfy 
the  following  set  of  interaction  formulas,  i.e.; 
Equation  4.4  in  all  cases  and  either  Equation  4.3(a) 
or  Equation  4.5(b),  whichever  applies. 


p + C«A  - W < ! 
pu  (l  - <1  - P/V% 


(4.4) 


P_  + * "y  < 1.0  for  P/P.  > 0.15  [4. 5(.) 3 

*V  ‘'18V 


or 


P* 


+ My 

M 

py 


< 1 


for  P/Pp  < 0.15 


[4.5(b)] 


where  M^,  M • maximum  applied  moments  about  the  x and 
y axes 


P * applied  axial  load 
Pex  - 23/12  AF^;  Pey  - 23/12  AF^y 
F^  - 12*2E/[23(lUb/rx)2] 
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F'  - 1 2m"E/ |"23(Ki, /r  ) 2 ] 
ev  n y 

l k *»  actual  unbraced  length  In  the  plane 
of  bending 

r , r = corresponding  radii  of  gyration 

X Y 

PP  “ FdyA 

C . C = coefficients  applied  to  bending  term  in 
interaction  formula  and  dependent  upon 
column  curvature  caused  by  applied  moments 
(see  Section  1.6.1  of  the  A1SC  Specification). 

M , M,  * plastic  bending  capacities  about  the 

F x and  y axes  * ^dy^x*  Fdy^y’  re3Pectlve^y 

M , M « moments  that  can  be  resisted  by  the  member 
X y in  the  absence  of  axial  load 

For  columns  braced  in  the  weak  direction 


\x  - V V = V (4-6) 

For  columns  unbraced  in  the  weak  direction 

►W  ■ fl.07  - < >lpx  ^ 

\v  • [1.07  - (7/rx).V;v/  U60]V  < Mpy 

Subscripts  x and  v indicate  the  axis  of  bending  about 
which  a particular  design  property  applies. 


Columns  may  be  considered  braced  in  the  weak  direction 
when  the  provisions  of  Section  3.3.6  are  satisfied. 

Ream-columns  should  also  satisfy  the  requirements  of 
Section  3.3.3,  Design  for  Shear. 


4 . 3 K f f e et  i v e I . ejngth  Ratios  for  Ream  -Col  umn  s 


The  basis  for  determining 
columns  for  use  in  the  calculation 
plastic  design  is  outlined  below. 

For  plastically  designed 
frames  which  are  supported  against 
plane,  the  effective  length  ratios 


lengths  of  beam- 
!>ev*  \x  ancl  in 

braced  and  unbraced  planar 
displacement  normal  to  their 
in  Tables  i.l  and  4..  shall 


the  effective 
0 ^ l>u » pex  • 


7') 


a p i>  1 v . .‘an  i e <* . 1 c orresponds  to  bending  about  the  strong  axis 
of  a member,  while  Table  4.2  corresponds  to  bending  about  the 
weak  axis.  In  each  case,  Z,  is  the  distance  between  points  of 
lateral  support  corresponding  to  ry  or  ry , as  applicable.  The 
effective*  length  factor,  K,  in  the  plane"  of  bending  shall  be  gov- 
erne!  bv  t tie  previsions  of  Section  4.4. 

TABLE  4.1 


i-ncnvi.  i.i-'NC; i;  ratios 
IN  t!IK  FLANK.  lit  THE  FRAME. 


FOR  BEAM  -COLUMNS  (WEBS  OF  MEMBER:* 
i.e.,  BENDING  ABOUT  THE  STRONG  AXIS) 


!’ 


I 


K* 


‘ r .'y. 


A 


Braced  Planar  Frames* 
Use  larger  ratio, 
7/rv  or  i/rx 
I'se  Z / rx 
t s e l / r 

v 

shall  not  exceed  Cc . 


One-  and  Two-Story 
Unbraced^  Planar  Frames* 

Use  larger  ratio, 

t/ry  or  KZ/rx 

Use  Kl /rx 

Use  7/ Ty 


'•  ABLE  4.2 


FFECTIVE  LENGTH  RATIOS  FOR  BEAM-COLUMNS  (FLANGES  OF  MEMBERS 
IN  THE  PLANE  OF  THE  FRAME,  i.e.,  BENDING  AROUT  THE  WEAK  AXTS) 

One-  and  Two-Story 
Unbraced  Planar  Frames* 


Use  larger  ratio, 

1/ rx  or  Kl/ry 

Use  KZ/rv 

Use  H rx 

* Z/ry  shall  not  exreed  C . 

For  columns  subjected  to  biaxial  bending,  the  effective 
lengths  given  In  lab  lea  4,1  and  4,2  apply  for  bending  about  the 
respective  axes,  except  that  Pu  for  unbraced  frnmes  shall  be  based 
*>n  the  larger  of  the  ratios  KZ/rx  or  K7,/ry.  In  addition,  the 
larger  of  the  slenderness  ratios  !/ rv  or  l/r,.  shall  not  exceed  C^. 

ri  V C 


Bra c e cl  P Tan a r_F r a m es* 

Use  larger  ratio, 
l/vy  or  Z/rx 

Use  Z/rv 
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Best  Available  Copy 


Effective  Length  Factor,  K 


4.4 


In  braced  fraaes  wherein  lateral  stability  la  provided 
by  adequate  attachment  to  diagonal  bracing,  shear  walls,  an  ad- 
jacent structure  having  adequate  lateral  stability,  floor  slabs 
or  roof  decks  secured  horizontally  by  walls,  or  bracing  systems 
parallel  to  the  plane  of  the  frame,  the  effective  length  factor, 

K,  for  the  compression  members  should  be  taken  as  unity,  unless 
analysis  shows  that  a smaller  value  may  be  used. 

However,  when  a colurni  or  a beam-column  Is  a member  of 
an  unbraced  frame,  the  K factor  can  be  greater  than  unity  depend- 
ing upon  the  degree  and  nature  of  fixity  at  the  ends  of  the  member. 
There  are  various  methods  for  evaluating  the  effective  length 
factor  Including  some  relatively  recent  developments  which  are 
gaining  recognition,  such  as  the  Inelastic  K-factor  concept  and 
the  story  buckling  strength  concept.  The  best  source  of  authori- 
tative data  In  the  area  of  K factors  la  the  Gomentary  to  the 
AISC  Specification,  with  Supplements  and  other  AISC  literature. 

In  plastic  design,  it  is  usually  sufficiently  accurate 
to  use  the  K factors  from  Table  C 1.8.1  of  the  AISC  Manual  for  the 
condition  closest  to  that  in  question  rather  than  to  refer  to  the 
alignment  chart  (Figure  C 1.8.2  of  the  AISC  Manual).  It  la  per- 
missible to  interpolate  between  different  conditions  In  Table  4.3 
(Table  C 1.8.1  of  the  AISC  Manual)  using  engineering  judgment. 

In  general,  a design  K value  of  1.5  la  conservative  for  the  columns 
of  unbraced  frames  when  the  base  of  the  columns  Is  assumed  pinned, 
since  conventional  column  base  details  will  usually  provide  partial 
rotational  restraint  at  the  column  baae.  For  the  girders  of  uu- 
braced  frames,  a design  K value  of  0.75  la  recommended. 
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« nrraiv!  LL:;nr*r  r actors  tor  col um.js 

,..j  "LA'M.fJi.UMS. 


Evfcied  shape  of 
CG’umn  i$  shown 
by  dashed  tine 


! ' heoreticoi  K value.  I 0.5 


Recommenced  design 
value  when  ideal  q eg 
conditions  are  ap- 
proximated 


Ena  condition  code 


0.80 


.2  1.0  2.10  2.0 


Rotation  fixed  and  translation  fixed. 


Rotation  free  and  translation  fixed. 


Rotation  fixed  ond  tronslotion  free. 


Rotation  free  and  translation  free. 


Best  Available  Copy 


CHAPTER  5 


FRAME  DESIGN 


5.1  Introduction 


The  dynamic  plastic  design  of  frames  for  blast -resistant 
structures  is  treated  in  this  chapter.  The  material  is 
oriented  toward  industrial  building  applications  common  to 
atanunition  manufacturing  and  storage  facilities,  i.e., 
relatively  low,  predominantly  single-story,  multi-bay  struc- 
tures. This  treatment  applies  principally  to  acceptor  struc- 
tures subjected  to  incident  overpressures  at  barricaded  dis- 
tances, or  face*on  overpressures  at  unbarricaded  distances, 
i.e.  about  10  psi. 

The  design  ot  blast-resistant  frames  is  characterized  by 
the  following: 

a.  Simultaneous  application  of  vertical  and  horizontal 
pressure-time  loadings  with  peak  overpressures  con- 
siderably In  excess  of  conventional  loads. 

b.  Design  criteria  permitting  inelastic  local  and  over- 
all dynamic  structural  deformations  (deflections  and 
rotations) . 

c.  Design  requirements  dictated  hv  the  operational  needs 
of  the  facility  and,  often,  the  need  for  reusability, 
with  minor  repair  work,  following  an  accidental 
explosion. 

A wide  variety  of  solutions  exist  for  the  overall  C taming 
system  chosen  for  a particular  application,  this  choice  is 
governed  by  the  strength,  stiffness  and  stability  requirements 
for  the  structure  in  response  to  the  Imposed  blast  loading  as 
defined  by  the  peak  overpressure,  the  load  duration  and  the 
orientation  o:  the  path  oi  the  blast  wave  with  respect  to  the 
axes  of  the  structure.  Other  equally  Important  influences 
Include  operational  and  architectural  requirements,  the  desired 
post-accident  condition  and  economy  of  material  and  fabrication. 

Rigid  frame  construction  is  recoecended  in  the  design  of 
blast-resistaut  structures  since  this  system  provides  open 
interior  space  ccufcined  with  substantial  resistance  to  lateral 
forces.  In  addition,  this  type  of  construction  possesses 
inherent  energy  absorption  capability  due  to  the  successive 
development  of  plastic  hinges  up  to  the  ultimate  capacity  of 
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t e r is  to  provide  - it  rroeedu:  es  for  efficiently  perform- 
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5.2.1  Collapse  Mechanisms  for  Rectangular  Multi-Bay 
Frames 

General  expressions  for  the  possible  collapse  mechanisms 
of  single-story  rigid  frames  are  presented  in  Table  5.1  for 
pinned  and  iixed  base  frames  subjected  to  combined  vertical 
and  horizontal  loading.  The  governing  failure  mode  in  a par- 
ticular application  depends  upon  the  overall  frame  geometry, 
the  relation  between  member  properties  within  the  frame  and 
the  ratio  of  the  peak  horizontal  to  vertical  blast  load.  The 
design  objective  is  then  to  proportion  the  frame  members  such 
that  the  governing  mechanism  represents  an  economical  solution. 

For  a particular  frame  within  a framing  system,  the 
ratio  of  total  horizontal  to  vertical  peak  loading,  denoted  by 
i,  is  influenced  by  the  horizontal  framing  plan  of  the  struc- 
ture and  is  determined  as  follows: 

-*  ■ qh/qv  (5.1) 

where  qy  = Pvb^  = peak  vertical  load  on  rigid  frame 

qh  * Phbh  “ Peak  horizontal  load  on  rigid  frame 

Pv  ■ blast  over-pressure  on  roof 

p^  - reflected  blast  pressure  on  front  wall 

bv  ■ tributary  width  for  vertical  loading 

b^  * tributary  width  for  horizontal  loading 

The  n ratio  will  usually  lie  in  the  range  from  about  1.8 
to  2.5  when  the  blast  wave  is  directed  perpendicular  to  the 
roof  purlins.  The  value  of  i is  much  higher  when  the  direction 
of  the  blast  is  parallel  to  the  purlins,  since  in  this  case  only 
part  of  the  vertical  load  is  carried  by  the  girders  of  the 
rigid  frame  in  the  direction  of  the  load. 

It  is  assumed  that  the  plastic  bending  capacity  of  the 
roof  girder,  Mp,  is  constant  for  all  bays.  The  capacity  of  the 
exterior  and  interior  columns  are  taken  as  CMp  and  CjMp, 
respectively.  Since  the  exterior  column  is  generally  subjected 
to  reflected  pressures,  It  is  recommended  that  a value  of  C 
greater  than  1.0  be  selected,  i.e.  the  bending  capacity  of  the 
exterior  column  should  be  greater  than  that  of  the  roof  girder. 
Therefore,  for  the  purpose  of  analysis,  the  plastic  hinge  at 
the  blastward  haunch  Is  assumed  to  form  in  the  girder,  although 
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o.l  COLLAPSE  mi:  chan  I sms  for  rigid  frames  with 
PINNED  BASES. 
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* For  C|  * 2 hinges  nrm  In  the  girders  and  columns  at  Interior  joints 


this  assumption  may  not  result  in  an  economical  design  if  the 
span  of  the  exterior  bay  is  substantially  greater  than  the 
height  of  the  frame. 

The  resistance  for  each  mechanism  may  be  computed  by 
equating  the  work  done  by  the  external  loads  to  the  internal 
work  absorbed  by  each  plastic  hinge  as  it  rotates.  For 
example,  for  the  roof  girder  fixed-ended  beam  mechanism  of  a 
single-bay  frame,  the  external  work,  Wp,  is  given  by  (wL^'O/A 
where  « is  the  rotation  of  a member  in  the  assumed  collapse 
mechanism.  The  internal  work,  Wj-,  is  given  by  4M_u.  By 
equating  the  external  work  to  the  internal  work,  the  moment 
capacity  corresponding  to  this  mechanism  is  wL^/16. 

As  seen  from  Table  5.1,  the  mechanism  that  corresponds 
to  the  lowest  possible  resistance  is  a function  of  the  relative 
magnitudes  of  the  horizontal  and  vertical  forces,  the  height 
and  length  of  a bay,  the  number  of  bays,  and  the  ratios,  C and 
C^,  of  the  plastic  bending  capacities  of  the  columns  to  the 
plastic  bending  capacities  of  the  girders.  It  is  evident  that 
the  choice  of  C and  determines  whether  certain  hinges  will 
form  in  the  girder  or  in  the  column  or  in  both  simultaneously . 
However,  for  analytical  purposes,  the  hinge  may  be  assumed  to 
be  concentrated  at  the  haunch.  The  values  of  C and  have  a 
major  influence  on  the  weight  and  behavior  of  the  frame  since 
they  establish  the  relative  bending  capacities  for  the  girders 
and  the  columns. 

It  will  normally  be  uneconomical  to  proportion  a frame 
subjected  to  vertical  and  horizontal  blast  pressures  so  that 
the  mode  of  failure  is  a simple  beam  mechanism  since  this 
implies  that  either  the  roof  girder  or  the  columns  will  be  de- 
signed to  remain  elastic.  It  will  generally  be  found  that  a 
combined  9idesvay  mechanism,  with  hinges  in  both  the  girders 
and  the  columns  provides  greater  overall  economy. 

In  analyzing  a given  frame  with  certain  member  properties, 
the  controlling  mechanism  is  the  one  with  the  lowest  resistance. 
In  design,  however,  the  load  is  fixed  and  the  required  design 
plastic  moment  is  the  largest  Mp  value  obtained  from  all  possible 
mechanisms.  For  that  purpose  C and  Cj  should  be  selected  so  as 
to  minimize  the  value  of  the  maximum  required  M„  from  aiwng  all 
the  possible  mechanisms.  Reasonable  values  of  u and  C}  can  he 
established  by  substituting  assumed  values  of  these  constants 
in  the  expressions  given  in  Table  5.1  and  calculating  Mp.  After 
a few  trials,  it  will  become  obvious  which  choice  of  C and  Cj 
tends  to  minimize  the  largest  value  of  Mp.  Rigorous  minimum 
weight  design  procedures  could  be  used  to  establish  C and 
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but  such  procedures  art*  relatively  complex  and  time  consuming 
and  are  not  warranted  for  a preliminary  design. 

5 . . : . 2 Dynamic  Pell ec lions  a nd_  Rolat  ions 

Static  design  is  based  primarily  on  strength  considera- 
tions with  aome  servic ibil ity  limitations  on  the  deflections  and 
rotations  at  the  service  load  level  and  consequently,  the 
ue formations  associated  with  the  collapse  mechanism  are  not. 
u?i*»lly  calculated.  However,  in  the  dynamic  design  ol  steel 
frames  which  are  permitted  to  deflect  well  into  the  plastic 
range,  it  is  essential  to  compute  the  maximum  inelastic  deflec- 
tions and  rotations  since  these  quantities,  in  addition  to  the 
strength  requirements,  constitute  the  basic  design  parameters. 

As  discussed  previously,  it  wilL  normally  be  more 
economical  to  proportion  the  members  so  that  the  controlling 
failure  mechanism  is  a combined  mechanism  rather  than  a beam 
mechanism.  The  mechanism  having  the  least  resistance  consti- 
tutes an  acceptable  mode  of  failure  provided  that  the  magnitudes 
of  the  maximum  deflections  and  rotations  do  not  exceed  the  maxi- 
mum values  recommended  in  Chapter  2 of  this  report. 

5 . 1 .  j Dynamic  uoad  Factors 

For  the  purpose  of  prel imirury  design,  it  is  necessary 
to  mala*  certain  initial  assumptions  regarding  the  dynamic 
effect  ei  the  load  on  the  deflection  of  the  frame.  These 
assumptions  are  required  since  the  natural  period  of  the 
system  is  initially  unknown,  k>  obtain  initial  estimates  of 
the  required  mechanism  resistance,  the  dynamic  load  factors  of 
Table  } . 2 nay  be  used  to  obtain  equivalent  static  loads  for 
the  indicated  mechanism,  these  factors  were  obtained  from 
singjc-dtsgree-oi-i reedor  analyses  of  several  steel  frames  in 
&n  intermediate  to  low  pressure  range.  For  example,  consider- 
ing the  sidesw.tv  behavior  <>i  a single-suny,  multi-bay  frame 
with  pinned  bases,  the  parameter  T/T^  is  usually  about  0.4  where 
is  the  load  duration  and  in  the’ natural  period  of  vibration 
for  the  frame.  For  the  ductility  ratio  of  3 corresponding  to 
a reusable  structure.  Figure  o-?  of  TN  5-1 300  indicate?,  that 
B/tVj  « 2 which  corresponds  to  a dynamic  load  factor  (Ru/ft)  of 
O.j. 


The  preliminary  l«v*ri  factors  in  Table  5.2  are  necessarily 
approximate  and  sake  no  distinction  fot  different  end  conditions. 
However,  they  arc  expected  to  result  in  reasonable  estimates  of 
the  required  resistance  for  a trial  design.  Once  the  trial  cum- 
ber aise.a  are  established,  then  the  natural  period  and 
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deflection  of  the  frame  ran  be  on  1 ciliated  using  the  procedure 
and  data  of  Section  5.2.  5. 


TABLE  5.2 

DYNAMIC  LOAD  FACTORS  ( 1)1. F)  AND  EQUIVALENT 
STATIC  LOADS  FOR  TRIAL  DESIGN 


STRUCTURE 

COLLAPSE 

MECHANISM 

REUSABLE 

NON-REUSABLE 

Beam 

1.0 

0.8 

Panel  or  Combined 

0.5 

0.35 

Equivalent  static 

vertical  load  = 

q x DLF  = w 

Equivalent  static 

horizontal  load 

= q,  x DLF  = aw 
h 

The  dynamic  load  factors  of  Table  5.2  are  presented  for 
both  reusable  and  non-reusable  frames.  In  each  case,  the  fac- 
tors for  a panel  or  combined  sidesway  mechanism  are  lower  than 
those  for  a beam  mechanism  since  the  natural  period  of  u sides- 
way mode  will  normally  be  greater  than  the  natural  periods  of 
the  individual  elements. 

5.2.4  Preliminary  Sizing  of  Frame  Members 

lo  obtain  preliminary  estimates  of  the  peak  axial  forces 
in  the  girders,  the  approximate  formulas  of  Figure  5.1  may  be 
usod.  Figure  5.1  may  also  be  used  for  calculating  preliminary 
values  of  the  peak  shears  in  the  columns.  In  applying  Figure 
5.1  in  preliminary  design,  the  equivalent  horizontal  static 
load  shall  be  computed  using  the  dynamic  load  factor  for  a 
panel  or  combined  sidesway  mechanism. 

Preliminary  values  of  the  peak  axial  loads  in  the  columns 
and  peak  shears  in  the  girders  may  be  computed  by  multiplying 
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3/8  R 


R/4 


3/4  R R/4 


5/8  R R/4  R/f 


R/2  R/2n  R/2n  R/2n  R/2« 


R/S  3/IOft  3/20* 


2/3  R R/3r  R/3n  ft/fci 


n = Num6sr  of  Boys 

* Cfuivolsnt  Norixofttal  Static  Loti 


Figure  5.1  Preliminary  values  of  peak  shears  and  axial  loads 
due  to  horizontal  loading  of  single-bay  and 
multi -bay  frames. 
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the  equivalent  vertical  static  load  by  the  roof  tributary  area. 
Since  the  axial  loads  in  the  columns  are  due  to  the  reaction 
from  the  roof  girders,  the  equivalent  static  vertical  load 
should  he  computed  using  the  dynamic  load  factor  for  a beam 
mechanism. 

Each  member  in  a frame  under  the  action  of  horizontal 
and  vertical  blast  loads  is  subjected  to  combined  bending 
moments  and  axial  loads.  Therefore,  the  resistance  of  a frame 
depends  upon  the  ultimate  strength  of  the  members  acting  as 
beam-columns . 

Due  to  the  dynamic  nature  of  the  blast  loads,  the  phasing 
between  critical  values  of  the  axial  force  and  bending  moment 
cannot  be  established  from  a simplified  analysis.  Therefore, 

It  is  recommended  that  the  axial  loads  and  moments  computed  in 
accordance  with  the  above  recommendations  be  assumed  to  act 
concurrently  for  the  pur  use  of  beam-column  design.  This 
assumption  tends  to  be  c iservative. 

. When  a blast  wave  impinges  on  the  building  from  a quarter- 
ing direction,  the  columns  and  the  girders  in  the  exterior 
frames  are  subject  to  biaxial  bending  due  to  the  simultaneous 
action  of  vertical  pressures  on  the  roof  and  horizontal  pres- 
sures on  the  exterior  walls.  in  such  cases,  the  moments  and 
forces  are  calculated  ov  analyzing  the  response  of  the  frame 
in  each  direction  for  the  appropriate  components  of  the  load. 

Tire  results  in  each  direction  are  then  superimposed  in  order 
to  perform  the  analysis  or  design  of  the  beams,  columns  and 
beam-columns  of  the  structurt.  This  approach  is  generally  con- 
servative since  it  assumes  that  the  peak  values  of  the  forces 
in  each  direction  occur  simultaneously  throughout  the  three- 
dimensional  structure. 

Having  estimated  the  r&ximum  values  of  the  forces  and 
moments  throughout  the  frame,  the  preliminary  sizing  of  the 
members  can  be  perform^. I using  the  criteria  in  Chapter  2 and 
the  procedures  for  beams,  columns  . it  '.car, -columns  in  Chapters 
i and  4. 


b.d.b  Stiffness  and  Deflection 


Since  the  preliminary  design  of  the  frame  is  based  on 
assumed  dynamic:  load  factors,  it  is  desirable  to  make  an  approx- 
imate calculation  of  the  sidesway  deflection  of  the  frame  prior 
to  performing  a rigorous  analysis  on  a computer.  The  deflection 
of  a possible  local  mechanism  of  the  roof  girder  or  front  column 
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Sidesway  Deflection,  x 


figure  3.2  Effect  of  girder  flexibility  on  resistance- 
deflection  function  of  multi-bay  frames  in 
side sway. 

should  also  be  computed.  The  latter  can  be  carried  out  using 
the  appropriate  stiffness  and  resistance  functions  for  these 
elements  in  conjunction  with  Chapter  1 of  this  report  and  with 
the  dynamic  response  charts  in  Chapter  6 of  TM  5-1300. 

To  estimate  the  sidewav  deflection  of  the  frame,  the 
flexibility  of  the  girders  should  he  taken  into  account;  other- 
wise, the  computed  displacements  tnav  be  underestimated  consider- 
ably. An  approximate  method  which  accounts  for  girder  flex- 
ibility is  presented  below.  Figure  5.2  presents  the  iorm  of  the 
resistance-deflection  diagram  for  a typical  multi-column  frame 
subjected  to  lateral  load,  bine  A represents  the  resistance 
tor  infinite  girder  stiffness.  With  infinite  girder  stiffness, 
plastic  hinges  would  develop  simultaneously  at  both  ends  of  all 
columns.  If  the  actual  girder  ilexibilitv  is  considered,  the 
hinges  would  be  found  to  develop  successively  as  indicated  by 
Line  B.  The  recommended  resistance  diagram  is  Line  0,  an  exten- 
sion of  the  initial  slope  of  Line  B to  the  intersection  with  the 
line  of  maximum  resistance.  The  shaded  area  represents  the 
error  introduced.  Use  ol  Line  C will  result  in  a calculated 
deflection  which  Is  smaller  than  the  true  deflection;  however, 
the  error  involved  is  generally  small.  To  obtain  the  effective 
spring  constant  K considering  girder  flexibility.  It  is  neces- 
sary to  determine  the  slope  of  Line  C.  This  can  be  determined 
by  Imposing  a uniformly  distributed  horizontal  load  upon  the 
tram*-  and  calculating  the  corresponding  horizontal  deflection 
of  the  girder. 


The  stiffness  factor  K,  for  single-story  rectangular 
frames  subjected  to  uniform  horizontal  loading  is  defined  in 
Table  5.3.  Considering  an  equivalent  single-degree-of-f reedom 
system,  the  sidesway  natural  period  of  this  frame  is 

Ts  “ 2'  /me/KKL  (5.2) 

where  is  a load  lactor  that  modifies  K,  the  frame  stiffness 

due  to  a uniform  load,  so  that  the  product,  K.K.  is  the  equiva- 
lent stiffness  due  to  a unit  load  applied  at  trie  equivalent 
lumped  mass,  m . The  load  factor  is  given  by 

^ - 0.55(1  - 0 . 25r ) (5.3) 

where  L*  = base  fixity  factor  (i.e.,  ;•  = 0 for  a pinned  base  and 
••  - 1 for  a fixed  base).  The  equivalent  mass  mg  to  be  used  in 
calculating  the  period  of  a sidesway  mode  consist  of  the  total 
roof  mass  plus  one-third  of  the  column  and  wall  masses.  Since 
ail  of  these  masses  are  considered  to  be  concentrated  at  the 
roof  level  the  mass  factor  is  equal  to  1.0. 

The  limiting  resistance  Ru  is  given  by 

Ru  - twH  (5.4) 

where  w is  the  equivalent  static  load  based  on  the  dynamic  load 
factor  for  a panel  or  combined  sidesway  mechanism. 

It  should  be  pointed  out  that  R corresponds  to  the 
smallest  value  of  the  resistance  for  all  possible  panel  or 
combined  mechanisms  as  determined  from  Section  5.2. 

The  equivalent  elastic  deflection  XF  corresponding  to  R 
is 


XE  “ Ru/K  (5.5) 

The  ductility  ratio  for  the  sidesway  deflection  of  the 
frame  can  be  computed  using  the  dynamic  response  chart  (Figure 
6.7)  of  TM  5-1300. 


The  maximum  deflection  X„  is  then  calculated  from 

m 


-X 


E 


(5.6) 


where  - is  the  ductility  ratio  in  sidesway. 
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TAliLL  0.3  S.'UFNLbS  FACTORS  rOR  bINGLt-SlORY,  MULTI-BAY 

FRAMES  SUBJECTED  Tu  UNIFORM  HORIZONTAL  LOADING. 


STIFFNESS  FACTOR  K=  -c2  . [|  ♦ (0.7- 0. I>9)(n-I)] 

n = Number  of  Bays  Ig 


Ic 


Ie,  (0.75  + 0 25£ )/H 

Ica  = Average  Column  Moment  of  Inertia 
= £le/(n*l) 


£ = Base  Fmty  Factor* 

r /i 


: T 
:1 


0 

c2 

$• 10 

/&•  0 5« 

^.0 

0.25 

26.7 

14.9 

3.06 

0.50 

32.0 

17.8 

4.65 

1.00 

37.3 

20.6 

6 04 

* Values  of  Cjore  Approsimete  for 
t /3  b l.o  For  Fixed  Bate 
• 0.0  For  MmgedBate 


j . i P re  1 i mlr.ary  Design  of  Single-Story  Frames  with 

S uppletne ntary  Bracing 

3.1.1  1 ntto  dm- 1 ion 

This  section  presents  an  approximate  method  for  the  pre- 
liminary design  of  single-story  frames  with  supplementary  brac- 
ing and  either  rigid  or  non-rigid  girder  to  column  connections. 
Hie  procedure  is  similar  to  that  presented  in  Section  3.2  for 
rigid  frames  except  that  the  formulas  are  modified  to  include 
the  effect  of  bracing.  For  design  purposes,  the  behavior  of 
these  frames  can  be  treated  as  the  combination  of  two  separate 
load-cari } ing  systems,  i.e.,  rigid  frame  action  plus  bracing. 
Only  frames  with  diagonal  X bracing  are  considered  and  only 
the  tension  diagonal  is  assumed  effective  in  resisting  horizon- 
tal load  and  contributing  to  the  frame  stiffness. 

In  the  remainder  of  this  section,  it  should  be  noted  that 
whenever  the  term  "braced  frame"  is  used,  reference  is  still 
being  made  to  this  special  framing  case  of  frame  action  with 
supplementary  diagonal  bracing. 

3.3.2  Bracing  Ductility  Ratio 

For  these  applications,  the  brace  members  are  not  ex- 
pected to  remain  elastic  under  the  blast  loading.  It  is  there- 
fore necessary  to  determine  if  this  yielding  will  be  excessive 
when  the  system  is  permitted  to  deflect  to  the  limits  given  in 
Section  2.3.3.  On  the  basis  of  the  analysis  summarized  below, 
it  can  be  concluded  that  the  maximum  bracing  ductility  ratio 
will  be  acceptable  provided  that  ductile  steel  bracing  members 
are  used. 


Hit*  ductility  ratio  associated  with  tension  yielding  of 
the  bracing  may  be  expressed  as  the  ratio  of  the  maximum 
strain  in  the  brace  to  the  yield  strain  as  follows: 


/ 

max  y 


(5.7) 


where  ■ is  the  maximum  strain  am!  v is  the  yield  strain 
given  by  r «V/E  where  FV.  is  the  dynamic  yield  stress  and  E is 
Young's  modulus. 


Assuming  small  deflections  and  neglecting  axial  deforma- 
tions in  the  girders  and  columns,  the  maximum  strain  in  a brace 
is  given  by 


'max 


* (c<?s  r)/t. 


0.8; 
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where  Is  tru-  side sway  deflection,  I.  is  the  bay  width  ..ci  : is 
llit  vcrti>  .i!  -ingle  between  the  bract-  and  a horizontal  plane. 

Hu-  derivation  ot  this  relationship  is  shown  In  Figure  5.3. 


fhe  due  nil  tv  rat  it  for  the  nrnee  may  thus  be  written 


L£?JC-di, 


u v 


(5.9) 


Frot:.  *.lu  criteria  of  Chapter  L’ , is  limited 

to  H/  jO  for  reusable  st  ructures  and  to  H/25  for  non-reusable 
structures.  'nbst  Itut 5 -n  of  these  limiting  deflections  in  the 
above  equation  gives 

ii  tcos*"  . ) K 

v'0!  Fdv  (5.10) 

for  reusable  structures,  and 


8bJ  8 COI  7 

£ mox.  " ^b/^b 
fjj  = t/cos  7 

*mox.=  8cos*y/L 


Figure  5.3  Strain  In  tension  brace 
due  to  sldesway. 

Best  Available  Copy 
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for  non-reu»ablc  structures.  Taking  as  an  example  F,  39.6 
ksi  which  corresponds  to  the  specified  minimum  yield  stress  of 
A36  steel  with  a ten  percent  Increase  for  dynamic  effects,  and 
E = 29,000  ksi,  the  bracing  ductility  ratio  for  a non-reusablc 
structure  at  the  maximum  permissible  deflection  is  given  by, 


= 29.2  H (cos2,)  [5.11(a)] 

L 


It  can  easily  be  verified  that  the  term  H (cos2y)  will 

L 

not  exceed  about  0.5  for  structures  with  reasonable  proportions. 
Therefore,  the  bracing  ductility  ratio  will  not  exceed  14.6 
for  a non-reusable  structure  at  the  maximum  permissible  deflec- 
tion. The  ductility  ratio  corresponding  to  fracture  of  mild 
steel  in  a standard  tension  test  is  on  the  order  of  100  to  200. 
Hence,  the  bracing  ductility  ratio  at  the  maximum  permissible 
sidesway  deflection  is  sufficiently  low  to  preclude  the 
possibility  of  fracture  even  after  several  applications  of 
the  blast  loading. 

Equations  5.10  and  5.11  indicate  that  the  bracing 
ductility  ratio  is  inversely  proportional  to  the  dynamic  yield 
stress  for  the  material,  i.e.,  the  higher  the  yield  stress, 
the  lower  the  ductility  ratio  for  a given  sidesway  deflection. 
However,  high  strength  steel  members  are  generally  not  recom- 
mended for  use  as  diagonal  braces  since  these  steels  are  not 
as  ductile  as  mild  steel.  Similarly,  wire  rope  and  structural 
strand  with  limited  ductility  are  also  not  recommended  for 
this  application. 

5.3.3  Collapse  Mechanisms  for  Frames  with  Supplementary 
Bracing 

The  possible  collapse  mechanisms  of  single-story  frames 
with  diagonal  tension  bracing  are  given  in  Tables  5.4  and  5.5 
for  pinned-base  frames  with  rigid  and  non-rigid  girder  to 
column  connections.  In  each  case,  the  ultimate  capacity  is 
expressed  in  terms  of  the  equivalent  static  load  and  the  mem- 
ber ultimate  strength  (either  hL  or  AbFd  ) . In  these  tables, 
the  cross-sectional  area  of  the  tension  brace  is  denoted  by 
Ab,  the  parameter  m is  the  number  of  braced  bays  and  Fd  is  the 
dynamic  yield  stress  for  the  bracing  member.  In  developing 
these  expressions,  the  same  assumptions  were  made  as  in  Section 
5.2.1,  i.e.,  Mp  for  the  roof  girder  is  constant  for  all  bays, 
the  bay  width,  L,  is  constant  and  the  column  moment  capacity 


Best  A v-s5»&bt3  Copy 
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IAUL t i>. 4 COLLAPSE  MECHANISMS  FOR  RIGID  FRAMES  WITH 
SUPPLEMENTARY  BRACING  AND  PINNED  BASES. 


Collapse  Mechanism 


Plastic  Moment  Mp 


BEAM  MECHANISM 


' 7 ^ 

I t 


panel  mechanism 


COMBINED  MECHANISM 


COMBtKEO  MECHANISM 


COMBINED  MECHANISM 


4(2C  *;) 


(“SLd*.  mAbFdyHco»V  ) . ! 

\ 2 b / 2 ♦ In  -l)  Ct 


1C.  S 2)* 


tt>H8  m AhFd»Hco»  Y 
4n  2 r> 


— (o  - L2  ) - 

0n  2 4 n 


| a « H*  - & AfcFjy  H cot  Y 
C ♦%•(«-!) 


|a»wH*-0  AbFd,Hcos  r 
C ♦ (n-£) 


■ 


g[3«H*t(n-l)L]  - | AbFd,Hco»r 


C «■  (2n-l  ) 


( Ci*  2) 


<C.  St)* 


Pj  / ^ / 

t,  CM,  / CiM,  X X 

«w  rj  > * — * / / 

§ [/<**%  l <Vd,  Lf*br*y 


L j 


-L- — L- 


n ■ Number  af 
bays  * 1 , 2,  3,. 

w * Uniform 
equivalent 

static  load 


t»  For  Ct  * 2 hmges  form  in  the  girders  and  columns  at  interior  Joint* 
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TABLE  -j.[>  CuLLAPSL  MECHANISMS  FOR  FRAMES  WITH  SUPPLEMENTARY 
BRACING,  NON-RIGID  GIRDER  TO  COLUMN  CONNECTIONS 
AND  PINNED  BASES. 


Collapse  Mecfeawte®* 


PVP1 


• CAM  &ECMAMSU 

extcmor  mmr 


PANEL  mccmannm 


Ultimate  Capacity 


Mp  • w L*/S 

Mp  ■ wlVi* 
Up  ■ w !_*/•• 


Mp  ■ v L1/® 
Mp  ■ #L*/i« 


^ • at  H*/0 
Mb  « aw  H* 


Fromlftf 

Type 


© 

®»® 


©»® 

® 


« a w M/  2m  co*  Y (7)  •(?) 

*‘F-  ’« tr-JULr  ® 


QIROIR  FRAMINS  TYPE 


(7)  OIRDER  SIMPLY  SUPPORTED  BETWEEN  COLUMNS 

(t)  «ROER  CONTINUOUS  OVER  COLUMNS 

(S)  GIROCR  CONTINUOUS  OVER  COLUMNS  ANO 

RW8L3T  ONMNKTCS  TO  EXTCNOON  COLUMNS  ONLY 


[IIIIIIT 


/<V«, 

J_ L 


m ■ Mu  m b or  of 

breee*  bey* 

w = Uniform 

•B>tv«*eet 

•tettc  loo* 
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•**-*••  tf  ideal , t,  its  greater  rhan  !.«>. 

For  non-i  Igld  girder  to  column  connections,  the  resis- 
tance ! i iiu’ t Ions  :ot  local  mechanisms  o f tilt*  roof  girder  depend 
open  whether  the  girder  Ih  continuous  over  the  columns  or  Is 
! tamed  between  the  columns.  Wh€*n  tlie  girder  Is  continuous, 
the  interior  bay  girder  mechanisms  arc  the  same  as  that  for  a 
M.vd  t f.im.  wit  11  c*  the  resistance  of  the  exterior  girder  is  the 
•»a:.je  as  that  of  a f ! xed -pinned  beam.  In  certain  cases,  if  may 
be  economical  to  provide  a rigid  connection  ul  the  exterior 
haunches  and  non-rigid  connections  at  interior  column  lines. 

.-.s  for  the  c.cjc  or  a r:gid  frame,  the  expressions  in 
iuoles  1>.4  and  5.i>  were  computed  hy  equating  the  work  done  hy 
the  external  loads  u-  the  internal  work  absorbed  during  plastic 
deformation.  For  a braced  frame,  the  internal  work  consists 
of  the  energy  absorbed  by  each  plastic  hinge  as  it  rotates  plus 
the  energy  absorbed  bv  the  tension  diagonals  as  they  yield  in 
tension.  For  a braced  frame  with  non-rigid  connections,  only 
the  yielding  of  the  tennea  diagonals  contributes  to  the 
internal  work  during  plastic  deformation  of  a panel  (sidesway) 
mechanism. 

As  an  example,  for  the  panel  mechanism  of  Table  5.4  with 
2 (i.e.  case  3b;  the  external  work  is  given  by 

WF  - i wll2f 

2 

columns  in  the  panel  mechanism, 
the  plastic  hinges  as  they 


the  tension  bracing  is  given  by 


where  m is  the  number  of  braced  bays,  F^y  is  the  dynamic  yield 
stress  for  the  bracing  and  is  the  plastic  axial  elongation. 
For  small  deflections 

• * IlOcoa? 


where  is  the  rotation  of  the 
The  internal  work  performed  by 
rotate  through  the  angle  v is 


W 


1 


2nM  •; 
P 


where  n is  the  number  of  bays. 

The  internal  work  performed  by 
the  simple  expression, 


W.  « m A.  V,  ■*). 

I o dy  b 


96 


By  equating  the  external  and  internal  work 

Mp  = awH^  - jn  A^F  , Hcosy 
4n  2n 

For  a panel  mechanism,  with  non-rigid  girder  to  column  connec- 
tions (case  4 of  Table  5.5),  the  following  resistance  function 
is  obtain  by  equating  the  work  done  by  the  external  loads  to 
the  energy  absorbed  by  yielding  of  the  tension  bracing: 

A,  F = awH 
y 2mcosy 

For  rigid  frames  with  tension  bracing,  it  is  nece  'sary  to 
vary  C,  and  A.  in  order  to  achieve  an  economical  desi^i. 

When  non-rigid  girder  to  column  connections  are  used,  C and 
drop  out  of  the  resistance  function  for  the  sidesway  mechanism 
and  the  erea  of  the  bracing  can  be  calculated  directly. 

5.3.4  Dynamic  Load  Factors 

Fcr  purposes  of  a trial  design,  the  dynamic  load  factors 
of  Table  5.2  cay  also  be  used  for  braced  frames.  In  general, 
the  sidesway  tiffness  of  braced  frames  will  be  greater  than 
for  unbraced  frames  and  the  corresponding  panel  or  sidesway 
dynamic  load  factor  may  also  be  greater.  However,  while  Table 
5,2  is  necessarily  aoproximate  and  serves  only  as  a rational 
starting  point  for  a preliminary  design,  refinements  to  this 
Table  for  frames  with  supplementary  diagonal  braces  are  not 
warranted. 

5.3.5  Stiffness  and  Defection 

The  provisions  of  Section  5.2.5,  Stiffness  and  Deflection, 
may  be  used  for  braced  frames  with  the  following  modifications: 

(l)  The  sidesway  n tural  period  of  a f r~me  with  supple- 
mentary diagonal  bracing  Is  given  by 

Tn  « 2w  /%/ (KK^  + y (5.12) 

in  which  is  the  horizontal  stiffness  of  the  tension  bracing 
given  by 

- nA^Ecos^f 
L 

and  where  K,  K,  and  a are  the  equivalent  frame  stiffness,  frame 

1*  U 


Km.!  factor  and  ct  feet  ivo  mass,  rasper  t ive  lv , as  defined  it; 
Section  '».J.5. 

(J)  The  elastic  deflection  ol  a braced  frame  is  given 
by 


Xg  - Kl|/(KKL+Kl})  (5.14) 

Note  ili.it  tin-  frame  stiffness,  K,  is  zero  fur  braced  frames 
with  non-rigid  connections. 

5.1.0  Prel iminarv __S i zing  of  Frame  Members 

For  braced  frames.  Figure  5.^  may  be  used  lu  determine 
values  of  girder  axial  loads  and  column  shears  for  preliminary 
design.  Note  from  this  figure  that  the  shear  in  the  blastward 
column  and  the  axial  load  in  tire  exterior  girder  are  the  same 
as  for  the  rigid  frame  as  shown  in  Figure  5.1.  For  interior 
bays  the  corresponding  quantities  are  reduced  by  the  horizontal 
component  of  the  force  in  tne  brace  given  bv 

FH  " VdySiU' 

it  a bay  i»  not  braced  then  this  quantity  should  be  set  equal 
to  zero  for  the  next  bav.  To  3Void  an  error,  horizontal 
equilibrium  should  be  checked  using  the  formula 


K » Vt  ♦ nV,  + mA^F^.sin  t 
where  R is  the  horizontal  load  given  by 
R - uUH 


(5. ihl 


lyA?) 


Vj  is  the  base  shear  in  the  blastward  column  given  hy 
- R/d  + M^/ii 

and  \\  is  the  shear  in  each  of  the  remitting  columns  given  by 

v.  « R/ In  - M /nil  (5. 19.' 

- P 

iw  whicn  « is  the  number  us  bays  and  sin*  is  the  sura  of 

the  horizontal  component*  of  the  forces  in*’the  braves- 


In  applying  Figure  5.4  to  braced  frames  with  non-rigid 
girder  to  iJlussi  connections,  the  quant i tv  JfL  shnuSd  be  ;*et 

s P 

equal  to  zero-  For  such  cases,  the  entire  horizontal  shear  is 
taken  by  the  bracing  and  the  exterior  eoluwrs.  For  f raises  with 


R * <*»H 
VI*  R/2  +Mp/H 
Pl=R/2  -Mp/H 
P2*P f -V2-FH 

FHsSFdy  co#r 
V2  £R/2n - Mp  /nH 
P3 =P2-V2 -Fh 
Pn  *P„.,  -V2-Fh 

Figure  6.4  Column  shears  and  girder 

axial  loads  for  braced  frames. 


rigid  connections,  M is  simply  the  design  plastic  moment 
obtained  from  the  controlling  panel  or  combined  mechanism. 

For  computing  axial  loads  in  the  columns  the  vertical 
components  of  the  forces  in  the  tension  braces  should  be  added 
to  the  vertical  shear  in  the  roof  girders.  The  vertical  compo- 
nent of  the  force  in  a brace  is  given  by 


Vdvsim 


(5.20) 


The  reactions  from  the  braces  will  also  affect  the  load 
on  the  foundation  of  the  frame  and  must  be  included  in  the  de- 
sign of  the  footing. 


The  provisions  of  Section  5.2.4  on  combined  bending  and 
axial  load  for  rigid  frames  apply  to  braced  f raises  with  the 
exception  that  the  reactions  from  the  tension  braces  must  be 
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taken  into  account  in  computing  axial  loads  and  shears. 

Finally,  when  the  estimated  design  forces  and  moments 
acting  on  the  frame  members  have  been  obtained,  preliminary 
member  sizes  can  be  determined  based  upon  the  material  in 
Chapters  2 through  4. 

3.3.7  Slenderness  Requlr ements  for  Diagonal  Braces 

The  slenderness  ratio  of  the  bracing  should  be  less  than 
300  to  prevent  vibration  and  "slapping".  This  design  condition 
can  be  expressed  as 

rb  .1  bjj/300  (5.21) 

in  which  r^  is  the  minimum  radius  of  gyration  of  the  bracing 
member  and  is  its  length  between  points  of  support.  F.ven 
though  a compression  brace  is  not  considered  effective  in  pro- 
viding resistance,  the  tension  and  compression  braces  should 
be  connected  together  where  they  cross.  In  this  manner,  1.^ 
for  each  brace  may  be  taken  equal  to  half  of  the  total  length. 

3.3.8  Preliminary  Design  Procedures  for  Frames  with 
Supplementary  Bracing. 

The  preliminary  design  procedure  for  frames  with  supple- 
mentary diagonal  braces  is  similar  to  the  procedure  described 
in  Section  5.2  for  rigid  frames  and  as  illustrated  by  the 
example  problem  in  Section  /. 6.  For  braced  frames  with  rigid 
connections,  how’ever,  the.  procedure  is  slightly  more  involved 
since  it  is  necessary  to  assume  a value  for  the  brace  urea  in 
addition  to  the  assumptions  for  the  coefficients  C ond  C^.  For 
frames  with  non-rigid  connections,  C and  do  not  appear  in 
the  resistance  formula  for  a sidesway  mechanism  and  A^  can  be 
determined  directly. 

In  selecting  a trial  value  of  /V  for  frames  with  rigid 
connections,  the  minimus  brace  size  will  be  controlled  bv  the 
slenderness  requirement  of  Section  5,3.7. 

In  addition,  in  each  particular  application,  there  will 
be  a limiting  value  o*'  A.  beyond  which  there  will  be  no  sub- 
stantial weight  savings  in  the  frame  members  since  minimum 
sizes  for  the  frame  members  are  required  based  upon  the  maxi- 
mum slenderness  ratio  requirements  in  Section  4.2.  In  general, 
values  of  of  about  one  to  two  square  inches  will  result  in 
a substantial  increase  in  the  overall  resistance  for  frames 
vxtu  rigid  connections,  lienee,  on  assumed  brace  area  in  this 
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CHAPTER  6 


CONNECTIONS 


6.1  Introduction 

The  connections  In  a steel  structure  designed  In  accor- 
dance with  plastic  design  conceits  mist  fulfill  their  function 
up  to  the  ultimate  load  capacity  of  the  structure.  In  order  to 
allow  the  members  to  reach  their  full  plastic  moments,  the  con- 
nections must  be  capable  of  transferring  moments,  shears  and  axial 
loads  with  sufficient  strength,  proper  stiffness  and  adequate  ro- 
tation capacity. 

Connections  must  be  designed  with  consideration  of  eco- 
nomical fabrication  and  ease  of  erection.  Connecting  devices  may 
be  rivets,  bolts,  welds,  screws  or  various  combinations  thereof. 

6*2  Types  of  Connections 

The  various  connection  types  generally  encountered  In 
steel  structures  can  be  classified  in  the  following  groups: 

A.  Primary  member  connections 

1.  Corner  frame  connections 

2.  Beam  to  column  connections 

3.  Beam  to  girder  connections 

4.  Splices 

3.  Column  base  connections 

B.  Secondary  member  connections 

1.  Purlin  to  frame  connections 

2.  Girt  to  frame  connections 

3.  Bracing  connections 

C.  Attachment  of  Panels 

1.  Roof  or  floor  penal  connections 

2.  Vail  siding  connections. 

Preceding  page  blank 
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Connections  in  Group  A refer  to  those  used  In  design  and 
construction  of  the  framing  of  primary  members.  They  generally 
Involve  the  attachment  of  hot-rolled  sections  to  one  another, 
either  to  create  specific  support  conditions  or  to  achieve  con- 
tinuity of  a member  or  the  structure.  In  that  respect,  connec- 
tions used  In  framing  may  be  classified  into  three  groups 
(corresponding  to  Type  1,  2 and  3 connections  in  the  AISC  Speci- 


flcation)  as 

follows : 

(i) 

Rigid 

(ii) 

Flexible  (Non-rigid) 

(111) 

Semi-rigid 

dependlng  upon  their  degree  of  restraint  which  is  the  ratio  of  the 
actual  end  moment  that  may  be  developed  to  the  end  moment  in  a 
fully  fixed-ended  beam.  Approximately,  the  degree  of  restraint 
la  generally  considered  as  over  90  percent  for  rigid  connections, 
between  20  to  90  percent  for  seal-rigid  connections  and  below  20 
percent  for  flexible  connections. 

It  should  be  mentioned  that  the  strength  and  rotation 
characteristics  of  aemi-rlgld  connections  are  dependent  upon  the 
properties  of  the  intermediate  connecting  elements  (angles,  plates, 
tees)  and  thus,  are  subject  to  much  variation.  Since  aemi-rlgld 
structural  analyses  are  seldom  undertaken  due  to  their  great  com- 
plexity, no  further  details  on  semi-rigid  connections  will  be 
given  here. 

Connections  listed  in  Group  B are  used  to  fasten  secondary 
members  such  as  purlins,  girts  or  bracing  members  to  the  primary 
ambere  of  a frame,  either  directly  or  by  means  of  auxiliary  sec- 
tions such  as  angles  and  tees. 

Basic  requirements  for  connections  of  Groups  A and  B aa 
well  aa  general  guidelines  for  proper  design  are  presented  in 
Sect  lone  6.3  and  6.4.  In  addition,  dynamic  design  stresses  to  be 
used  in  the  selection  sod  sizing  of  fastening  devices  are  given 
In  Section  6.S. 

Group  C refers  to  connections  used  to  attach  elements  of 
the  skin  or  outer  shell  of  an  Installation  as  veil  as  floor  and 
wall  panala  to  the  supporting  skeleton.  Connections  of  this  type 
are  distinguished  by  the  faet  thst  they  fasten  relatively  thin 
sheet  material  to  on*  another  or  to  heavier  rolled  sect lone,  loof 
decks  and  vail  siding  have  to  withstand  during  their  lifetime 
(apart  from  accidental  blast  loada)  exposure  to  weather,  uplift 


forces,  buffeting  and  vibration  due  to  winds,  etc.  For  this  rea- 
son, and  because  of  their  widespread  use,  special  care  should  be 
taken  in  design  to  Insure  their  adequate  behavior.  Some  basic 
requirements  for  panel  connections  are  presented  in  Section  6.6. 

6 . 3 Requirements  for  Main  Framing  Connections 

The  design  requirements  for  frame  connections  may  be  illus- 
trated by  considering  the  behavior  of  a typical  corner  connection 
as  shown  in  Figure  6.1.  Two  members  are  joined  together  without 
stiffening  of  the  corner  web.  Assuming  that  the  web  thickness  is 
insufficient,  the  behavior  of  the  connection  is  represented  by 
Curve  1 which  shows  that  yielding  due  to  shear  force  starts  at  a 
relatively  low  load.  Even  though  the  connection  rotates  past  the 
required  hinge  rotation,  the  plastic  moment  Mp  is  not  reached. 

Tn  addition,  the  elastic  deformations  are  also  larger  than  those 
assumed  by  the  theoretical  design  curve. 

A second  and  different  connection  may  behave  as  indicated 
by  Curve  2.  Although  the  elastic  stiffness  Is  satisfactory  and 
the  maximum  capacity  exceeds  M , the  connection  fails  before 
reaching  the  required  hinge  rotation  and  thus.  Is  unsatisfactory. 

These  considerations  Indicate  that  connections  must  be 
designed  for  strength,  stiffness  and  rotation  capaqitv.  They  must 
transmit  the  required  moment,  shear  and  axial  load,  and  develop 
the  plastic  moment  Mp  of  Che  members. 

Normally,  an  examination  of  a connection  to  see  If  it  meets 
the  requirements  of  stiffness  will  not  be  necessary.  Compared  to 
the  total  length  of  the  member,  the  length  of  the  connection  is 
small;  and,  if  the  connection  is  slightly  more  flexible  chan  the 
member  which  it  joins,  the  general  effect  on  the  structural  be- 
havior Is  not  great.  Approximately,  the  average  unit  rotation  of 
the  connecting  tone  should  not  exceed  that  of  an  equivalent  length 
of  the  members  being  joined. 

of  equal  Importance  with  the  strength  of  the  connection  is 
an  adequate  reserve  of  ductility  after  the  plastic  moment  has  been 
attained.  Rotation  capacity  at  plastic  hinge  locations  is  essen- 
tial to  the  development  of  the  full  ultimate  load  capacity  of  the 
structure. 

Some  typical  framing  connect  Iona  used  in  blast -resistant 
structure#  are  shown  in  Appendix  C. 
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4 


Design  of  Connect  lone 


It  le  not  the  Intent  of  this  chapter  to  present  procedures 
sod  equations  for  the  design  of  the  verloue  types  of  connections 
likely  to  be  encountered  In  the  bleat-reelstant  design  of  s steel 
structure.  Instead,  the  considerations  necessary  for  a proper 
design  will  be  outlined.  The  reader  la  referred  to  the  aany 
standard  texts  on  plastic  design  for  the  procedures  and  equations. 

After  completion  of  the  dynaaic  analysis  of  the  structure, 
whether  by  hand  calculations  or  computer  analysis,  the  Mahers  are 
sized  for  the  given  loadings.  The  aoaents,  sheers  and  axial  loads 
at  the  connections  are  known.  Full  recognition  oust  be  given  to 
the  consideration  of  rebound  or  stress  reversal  in  designing  the 
connections.  Additionally,  In  continuous  structures,  the  Mxlaua 
values  of  P,  M and  V My  not  occur  simultaneously  and  thus,  sev- 
eral combinations  My  have  to  be  considered. 

All  connecting  elements  subject  to  compression  should  meet 
the  wideh-thickncM  retlo  requirements  as  specified  in  Section 

3.3.4. 

With  rigid  connections  such  as  a continuous  column-girder 
intersection,  the  web  area  within  the  boundaries  of  the  connection 
should  meet  the  shear  stress  requirements  of  Section  3.3.3.  If 
the  web  area  is  unsatisfactory,  diagonal  stiffeners  or  web  doubler 
pistes  should  be  provided. 

Stiffeners  will  normally  be  required  to  prevent  web  crip- 
pling and  preserve  flange  continuity  wherever  flange  to  flange 
connections  occur  at  columns  in  a continuous  frame.  Web  crippling 
must  also  ba  checked  at  points  of  load  application  such  as  beam- 
girder  intersect  Iona.  In  these  cases,  the  rcquirsMata  of  Section 
3.3.3  of  thia  report  and  Sactlons  1.10.5  and  1,10.10  of  the  A1SC 
Specification  must  be  considered. 

Since  bolted  Joints  will  develop  yield  stresses  only  after 
slippage  of  the  members  has  occurred,  the  use  of  friction-type 
bolted  connections  is  not  recomaended. 

6.5  Dynamic  Design  Stresses  for  Connect Iona 


In  accordance  with  Section  2.8  of  the  AISC  Specification, 
bolts,  rivets  and  welds  shall  be  proportioned  to  resist  the  maximum 
forces  using  stresses  equal  to  1.7  times  those  given  la  Fart  1 of 
the  Specification.  Additionally,  these  stresses  are  increased  by 
the  dynamic  increase  feetor  specified  in  Section  2.2.2;  hence. 


MOMENT 


M 


ROTATION 


Figure  6.1  Comer  connection  behavior. 
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(6.1) 


where  Kj  ■ the  maximum  dynamic  design  stress 

c • the  dynamic  Increase  factor 
(Table  2.1) 

Fr  - the  allowable  static  design  stress 

Pother  Mian  compiling  new  tables  for  maximum  dvnamlr  loads 
for  the  various  types  of  connections,  the  designer  will  find  it 
advantageous  to  divide  the  forces  being  considered  bv  the  factor 
1.7c  and  then  to  refer  to  the  allowable  load  tables  In  Part  1 of 
the  AISC  Specification. 

6 . 6 Requirements  for  Floor  and  Wall  Panel  Connections 


Panel  connections,  in  general,  can  be  divided  Into  two 
major  groups: 

a.  Panel  to  panel  connections,  and 

h.  Panel  to  support lug-frame  connections. 

The  first  fvpe  Involves  the  attachment  of  relatively  llght-gaRe 
mater  la la  to  each  other  such  that  they  act  together  as  an  integral 
unit.  The  second  tvpe  la  generally  used  to  attach  sheet  panels  to 
heavier  crosa-aecttons. 

The  me *t  common  type  of  fastener  for  decking  and  steel 
vail  panels  is  the  self-tapping  screw  with  or  without  washer. 

Even  for  conventional  design  and  regular  wind  loading,  the  screw- 
fasteners  Have  often  been  the  source  of  local  failure  bv  tearing 
the  sheeting  material.  It  la  evident  that  under  blast  loading  and 
particular! v on  rebound , screv  connectors  will  be  even  more  vul- 
nerable to  this  tvpe  of  failure.  Special  care  should  be  taken  to 
design  to  reduce  the  probability  of  failure  by  using  oversized 
washer©  and/or  Increased  material  thickness  at  the  connection 
itself . 


fkie  to  the  aagnitude  of  forces  Involved,  special  tvnes  of 
connettnrs,  nt  shown  in  Fig.  6.2  and  Appendix  C,  will  usually  be 
necessary , e.g.: 

a.  Self-piercing.  se*f-tanp43g  screw- a of  larger  diameters 
with  oversized  washers 

b.  Puddle  welds  or  washer  plug  welds. 


10b 


Ovarsiz*  woshar 


L 


Light 

goga 

portal. 


Support 
mam  bar 


RAMSET  TYPE  FASTENER 


Section  B-B 


PUDDLE  WELDS 


WASHER  PLUG  WELD 


THREADED  NELSON  TYPE  STUDS 


Figure  G.2  Typical  connections  for  cold-formed 
steel  panels 


c.  Threaded  connectors  fired  into  the  elements  to  be 
attached . 

d.  Threaded  studs,  welded  to  the  supporting  members, 
which  fasten  the  panel  by  means  of  a special 
arrangement  of  bushing  and  nut. 

Apart  from  fulfilling  their  function  of  cladding  and  load- 
resisting  surfaces,  by  carrying  loads  perpendicular  to  their 
surface,  floor,  roof  and  wall,  steel  panels  can,  when  adequately 
connected,  develop  substantial  resistance  to  in-plane  forces, 
acting  as  diaphragms  contributing  a great  deal  to  the  overall 
stiffness  and  stability  of  the  structure.  As  a result,  decking 
connections  are  in  aany  cases  subjected  to  a combination  of  shear- 
ing forces  and  pull-out  forces.  It  is  to  be  remembered  also  that 
after  tha  panel  has  deflected  under  blast  loading,  the  catenary 
action  sustained  by  the  flat  sheet  of  the  decking  represents  an 
important  reserve  capacity  against  total  collapse.  To  allow  for 
such  catenary  action  to  take  place,  connectors  and  especially  end 
connectors  should  be  made  strong  enough  to  withstand  the  membrane 
forces  that  develop. 

Finally,  the  design  of  these  special  connections  for  deck- 
ing should  take  into  account  acceptable  construction  tolerances, 
ease  of  fabrication,  simplicity  of  erection,  reliability  and  cost. 


110 


CHAPTER  7 


DESIGN  EXAMPLES 

This  chapter  presents  detailed  design  procedures  and 
numerical  examples  on  the  following  topics: 

1.  Flexural  elements  subjected  to  pressure-time  loading 

2.  Lateral  bracing  requirements 

3.  Cold-formed  steel  panels 

4.  Columns  and  beam-columns 

5.  Open-web  joists 

6.  Single-story  rigid  frames 

7 . Blast  doors 

8.  Unsymoetrical  bending 

References  are  made  to  the  appropriate  sections  in  Chap- 
ters 1 through  6 of  this  report  and  to  charts,  tables  and  equations 
from  other  design  manuals  and  specifications. 

7.1  Design  of  Beams  for  Pressure-Time  Loading 

Problem  1:  Design  a purlin  or  girt  as  a flexural  member  which 

responds  to  a pressure-time  loading. 


Procedure : 

Step  1.  Establish  the  design  parameters: 

a.  Pressure-time  load 

b.  Design  criteria  (um(lx  and  0fflax  for  a 
reusable  or  non-reusable  structure) 

(Section  2.3.3) 

c.  Span  length,  L,  beam  spacing,  b,  and 
support  conditions 

d.  Properties  and  type  of  steel  used,  i.e., 

Fy  and  E 
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Step  2.  Determine  the  equivalent  static  load  w using 
the  following  preliminary  dynamic  load  factors 
as  discussed  In  Section  3.3.2. 

(0.8  for  a non-reusable  structure 
DI.F  - ( 

(1.0  for  a reusable  structure 
w ■ DLF  x p X b 

Step  3.  Using  the  appropriate  resistance  formula  from 
Table  3.1  and  the  equivalent  static  load  de- 
rived in  Step  2,  determine  Mp. 

Step  4.  Select  a member  size  using  Equation  3.2  or  3.3. 
Check  the  local  buckling  criteria  of  Section 
3.3.4  for  the  member  chosen. 


Step  5.  Determine  the  mass  m including  the  weight  of 
the  decking  over  a distance  center-to-center 
of  purlins  or  girts,  and  the  weight  of  the 
members. 


Step  6.  Calculate  the  equivalent  mass  M_  using  Table 
6-1  of  TM  5-1300. 


Step  7.  Determine  the  equivalent  elastic  stiffness 
Ke  from  Table  3.1. 

Step  8.  Calculate  the  natural  period  of  vibration,  TN, 
using  Equation  3.10. 

Step  9.  Determine  the  total  resistance,  Ry,  and  peak 

pressure  load,  B.  Enter  Figure  6-7  of  TM  5-1300 
with  the  ratios  T/Tfj  and  B/Ry  in  order  to 
establish  the  ductility  ratio  u.  Compare  with 
criteria  In  Step  l. 

Step  10.  Calculate  the  equivalent  elastic  deflection  X£ 
as  given  by  the  equation 

h - 

and  establish  the  maximum  deflection  ^ 
given  by 


- »XK 
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CoapuCe  the  corresponding  aenber  end  rotation. 
Compare  6 with  the  criteria  in  Section  2.3.3. 

tan  6 • Xja/2) 

Step  11.  Check  for  shear  using  Equation  3.11  and  Table  3.3. 

Step  12.  If  a different  member  alee  is  required,  repeat 
Steps  2 through  11  by  selecting  a new  dynamic 
load  factor. 

Example  1:  Design  of  a beam  for  pressure-time  loading. 

Required:  Design  a reusable  simply-supported  beam  in  a low  to 

Intermediate  pressure  range. 

Step  1.  Given: 

a.  Pressure-time  loading  (Figure  7.1) 

b.  Criteria:  Reusable  structure,  maximum 

ductility  ratio  - 3,  maximum  end 
rotation  "l0,  whichever  governs 

c.  Structural  configuration  (Figure  7.1) 

d.  Fy  • 36  ksi.  E • 30  x 10*  ksi,  A36  steel 


40  m» 

Spacing  b * 4.5'  TIME 


Figure  7.1  Beam  configuration  and  loading,. 
Example  I. 


in 
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Step  2.  Determine  the  equivalent  static  load  (i.i*., 
required  resistance). 

DLF  • 1.0  for  a reusable  structure 

(Section  1.1.2) 

w - 1.0  x 5 x 4.5  x 144/1000  • 3.24  k/ft 
Step  j.  Determine  required  M^. 


Mo  " w1-2  * 3.24  x 172  - 117  k-ft 
8 8 


(Table  3.1) 


Step  4.  Select  a member. 


(S  ♦ 2)  • 2Mp  - 2 x 117  x 12  - 71.0  in3 


rdv 


39.6 


(Equation  3.2) 


where 


Fdy  * cFy  • 1-1  * 36  « 39.6  ksi 


(Table  2.1) 

Select  W12  x 27.  S - 34.2  in3  1 - 204  in4 
7.  ■ 38.0  In3 
S ♦ Z ■ 72.2  in3 

\ - (72.2  x 39.6)/ (2  x 12)  - 119  k-ft 
itieek  local  buckling  criteria. 


d/lw  • 30,5  < 412/.'FV  • 60.7  O.K. 


bf/2tf  - S.U  < 8.3 


5>  Calculate  M. 


(Equation  3.12) 
O.K. 

(Section  3.3.4) 


M - wl.  - f (4.5  x 4.8)  •*  271(17  x 106) 
r “jYT2  x TOOO  ‘ 

* 23,600  (k-ms2)/ft 

Step  6 . Calculate  the  effective  mass,  for  a response 
In  the  elasto-plasti c range. 


KLM  " (°*79  + 0.66J/2  - 1.45/2  - 0.725 

(Table  6- 3 , TM  5-1300) 

Me  - 0.725  x 25,600  - 18,560  k-ms2/ft 

Step  7.  Determine  Kg. 

Kg  - 384  El  - 384  x 30  x 103  x 204 
5L3  5 x 17^  x 144 

- 664  k/ft  (Table  3.1) 

Step  8.  Calculate  Tjj. 

Tn  • 2*«'S£7k^  - 2«/l8, 560/664 

• 34  ms  (Equation  3.10) 

Step  9.  Establish  the  ductility  ratio  u and  compare 
with  the  criteria. 

T/Tn  » 40/34  - 1.18 

B«pxLxb*  S x 17  x 4.S  x 144 

1000 

• 49  kips 

Ry  - 8Hp/L  - (8  x 119)/19  • 50  kips 
B/Ry  • 49/50  • 0.98 
From  Figure  6-7  of  TM  5-1300, 

u * J^/Xg  - 2. 05  < 3 O.K. 

Step  10.  Determine  Xg. 

Xg  • Ry/Kg  - (50  x 12J/664  * 0.90  inch 
Find  X,. 

• uXg  *•  2.05  x 0.90  • 1.845  Inches 
Find  end  rotation,  6. 

tan  6 - Xb/(L/2)  - 1.845/(8.5  x 12)  - O.Oidl 
0 * 1°  O.K.  (Section  2.3.3) 
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kLM  ■ (°*79  ♦ °*66)/2  - 1 .45/2  - 0.725 

(Table  6-1,  TM  5-13CO) 

Me  - 0,725  x 25,600  - 18,560  k-os2/ft 

Step  7 . Determine  KE. 

Ke  “ 384  El  - 384  x 30  x 103  x 204 
5L3  5 x 17^  x X44 

- 664  k/ft  (Table  3.1) 

Step  8.  Calculate  Tjj. 

Tn  - 2* /Mg /Kg  • 2«/l8, 560/664 

• 34  ms  (Equation  3.10) 

Step  9.  Establish  the  ductility  ratio  u and  compare 
with  the  criteria. 

T/Tn  - 40/34  - 1.18 

B'pilxb*  5 x 17  x 4.5  x 144 

1000 

• 49  kips 

Ry  - 8Mp/L  - (8  x 119)/19  - 50  kips 
B/Ry  - 49/50  - 0.98 
From  Figure  6-7  of  TM  5-1300, 

u - Xjj/Xe  - 2.05  < 3 O.K. 

Step  10.  Determine  XE. 

XE  - Ry/Kg  • (50  x 12)/ 664  • 0.90  inch 
Find  V 

- uXg  - 2.05  x 0.90  - l .845  inches 
Find  end  rotation,  6. 

tan  6 - X*/(L/2)  - 1.845/(8.5  x 12)  - 0.0181 
8*1°  O.K.  (Section  2.3.3) 

US 


Step  11.  Check  for  shear. 


Dynamic  yield  stress  in  shear 

Fdy  - 0.55Fd  - 0.55  x 39.6  - 21.8  ksl 

(Equation  2.3) 

Ultimate  shear  capacity 

vp  " Fdv  x " 21-8  x 0,24  x 12 

• 62.7  kips  (Equation  3.11) 

Maximum  support  shear 
Va  - ru  x L/2  - V2  " 50/2  * 25 -°  ^P9 
Vp  > V8  O.K. 

7 . 2 Spacing  of  Lateral  Bracing 

Problem  2:  Investigate  the  adequacy  of  the  lateral  bracing 

specified  for  a flexural  member. 

The  design  procedure  for  determining  the  maximum  permis- 
sible spacing  of  lateral  bracing  is  essentially  a trial  and  error 
procedure  if  the  unbraced  length  la  determined  by  the  considera- 
tion of  lateral  torsional  buckling  only.  However.  In  practical 
design,  the  unbraced  length  is  usually  fixed  by  the  spacing  of 
purlins  and  girts  and  then  must  be  investigated  for  lateral  tor- 
sional buckling. 

Procedure : 

Step  1.  Establish  design  parameters. 

a . Bending  moment  diagram  obtained  from  a 
design  analysis 

b.  Unbraced  length,  l,  and  radius  of  gyration 
of  the  member,  ry,  about  Its  weak  axis 

c.  Dynamic  yield  strength,  Fdy 

(Section  2.2.3) 

Step  2.  From  the  moment  diagram,  find  the  end  moment 
ratio,  H/Np.  for  each  segment  of  the  beam 
between  points  of  bracing. 


116 


(Note  that  the  end  moment  ratio  is  positive 
when  the  segment  le  bent  in  reverse  curvature 
and  negative  when  bent  in  single  curvature) . 

Step  3.  Compute  the  maximum  permissible  unbraced  length, 
lcT,  using  Equation  3.14  or  3.13,  as  applicable. 
Since  the  spacing  of  purlins  and  girts  is  usual lv 
uniform,  the  particular  unbraced  length  that  must 
be  investigated  in  a design  will  be  the  one  with 
the  largest  moment  ratio.  The  spacing  of  bracing 
in  non-yielded  segments  of  a member  should  be 
checked  against  the  requirements  of  Section 
1.5.1.4.6a  of  the  AISC  Specification  (aee  Section 
3.3.6). 

Step  4.  The  actual  length  of  the  segment  being  Inves- 
tigated should  be  lesa  than  or  equal  to  Zcr. 

Example  2:  Spacing  of  Lateral  Bracing 

Required:  Investigate  the  unbraced  lengths  shown  for  the  U10  x 21 

beam  in  Figure  7.2. 

Step  1.  Given: 

a.  Bending  moment  diagram  shorn  in  Figure  7.2 

b.  Unbraced  length  (each  segment)  • 44  inches 

ry  • 1.32  Inches 

c . Dynamic  vield  strength  * 39.6  ksi 


A, E  SUPPORTS 

-lip 

B, C,0  BRACIM 

LOCATIONS 


E 


— ‘t* — 

1 . 

V 

A \ 

OSHp 

0 

c 

& 

Figure  7.2  Bending  nwaent  diagram,  Example  2. 
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Ste£_2.  The  moment  ratio  is  -0.5  for  segments  BC  and  Cl) 
(•Ingle  curvature)  and  0.S  for  aegmenta  AB  and 
DE  (double  curvature). 

Step  3.  Determine  Zcr. 

^cr  " 1375.0  x 1.32  • 46.0  inches 

39.6  (Equation  3.15) 

By  inspection,  Equation  3.15  results  fn  a larger 
unbraced  length  than  Equation  3.14. 

•;tcp  4.  Since  the  actual  unbraced  length  is  less  than  4h 
lnchea,  the  spacing  of  the  bracing  is  adequate. 

7.3  Design  of  Cold-Formed,, Light-Cage  Steel  Panels  Subjected 
to  Pressure -Time  Loading 

Problem  3:  Design  a roof  deck  as  a flexural  member  which  responds 

to  pressure-time  transverse  loading. 


Procedure : 

Step  1.  Establish  the  design  parameters: 

a.  Pressure-time  loading 

b.  Design  criteria  (|»M)£  and  8 for  either  a 
reusable  or  non-reusable  cold-formed  panel) 

(Section  2.3.3) 

e.  Span  length  and  support  conditions 

d.  Hechsnical  properties  of  steel 

Step  2.  Determine  an  equivalent  uniformly  distributed 
static  load  for  1-ft  width  of  panel,  using  the 
following  preliminary  dynamic  load  factors. 

Reusable  Kon-Reusablc 

DIP  1.65  1.40 


These  load  factors  are  based  on  an  average  value 
of  T/T»;  - 10.0  and  the  design  ductility  ratios 
recommended  in  Equation  3.27.  They  are  derived 
using  Figure  6-7  of  TX  5-1300. 


Equivalent  static  load  v - DLF  x 1.1  x p x b 
where  the  1.1  Increase  factor  is  outlined  In 
Section  3.7.2  and  b • 1 ft. 

Step  3.  Using  the  equivalent  static  load  derived  In 

Step  2,  determine  the  ultimate  moment  capacity 
(positive  and  negative  depending  on  support 
conditions).  (Section  3.7.2) 

Step  4.  Determine  required  section  moduli  using 
Equation  3.22  or  3.23. 

Select  a panel. 

Step  5.  Determine  actual  section  properties  of  the  panel: 
S+,  S',  I,  n • w/g  (for  1-ft  width  of  a panel). 

Step  6.  Compute  ru,  the  maximum  unit  resistance  per  1-ft 

width  of  panel  using  Equation  3.24  or  3.25. 

Step  7.  Determine  the  equivalent  elastic  stiffness. 

Kg  * ruL/Xg  using  Equation  3.26. 

Step  8.  Compute  the  natural  period  of  vibration 

Tn  - 2*i/0. 74mt/Kg  (Equation  3.29) 

Step  9.  Calculate  B/ru  and  T/T^.  Enter  Figure  6-7  of 

TM  5-1300  with  the  ratios  »/?„  and  T/TN  to 

establish  the  sctusl  ductility  ratio  u. 

Compare  u with  the  criteria  of  Section  2.3.3. 

If  u la  larger  than  the  criteria  value,  repeat 
Steps  4 to  9. 

Step  10.  Compute  the  equivalent  elastic  deflection  Xg 
using  Xg  * ru^*E* 

Evaluate  the  maximum  deflection,  X^  * u%. 
Determine  maximum  panel  end  rotation, 
tan  8 • Xg/fL/2). 

Compare  8 with  the  criteria  of  Section  2.3.3. 

If  9 la  larger  than  specified  In  the  criteria, 
select  another  panel  and  repeat  Steps  5 to  10. 
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Step  11 


Check  resistance  In  rebound  using  chart  In 
Figure  3.9. 


Step  12.  Check  panel  for  maximum  resistance  in  shear  by 
applying  the  criteria  relative  to: 

a.  simple  shear.  Table  3.4(a) 

b.  combined  bending  and  shear.  Table  3.4(b) 

c.  web  crippling.  Figures  3.10(a)  and  3.10(b). 

If  the  panel  is  inadequate  in  shear,  select  a 
new  member  and  repeat  Steps  4 to  12. 

Example  3:  Design  of  a roof  deck  for  pressure-time  loading. 

Required:  Design  a reusable  continuous  cold-formed  steel  panel 

in  a low  to  intermediate  pressure  range. 

Step  1 . Given: 

a.  Pressure-time  loading  (Figure  7.3) 

b.  Criteria: 

maximum  ductilitv  ratio,  - 1.23 

maximum  rotation,  - 0.^° 

e.  Structural  configuration  (Figure  7.3) 

d.  Steel  A446  Grade  a,  K • 30  x i0&  p§l 

Fy  - 3J.Q00  Psi 

e - l.l 

Step  2.  Determine  the  equivalent  static  load. 

DLF  • l, AS  (reusable) 

w • 1.1  x RLF  x p x b 

- 1.1  x 1.65  x 4. SO  x 12  x 12  * 1124  Ifc/ft 

* equivalent  static  load  lor  1-ft  width 
of  panel. 


Figure  7,3  Roof  decking  configuration  and  loading, 
Example  3. 


Step  3,  Determine  required  ultimate  moment  capacities. 

Nup  “ * 1124  x (4.5)2  - 1,866  lb-ft 

12.2  12.2  ~ (Equation  3.25) 

Myn  m wL3  “ 1124  x (4.5)2  - 2,25'<  lb-ft 

10.1  10.1  (Equation  3.25) 

Step  4.  Determine  required  section  moduli. 


Fdy  - 1.10  x 33,000  • 36,300  psi 

(Equation  3.21) 

S+  - 1866  x 12  - .617  in3 
36,300 

(Equation  3.22) 

S~  - 2254  x 12  - .746  in3 
36,300 

(Equation  3.23) 

Select  a 1-1/2  inch  deep  panel  16-16. 

(hat  section  16  gage,  flat  sheet  16  gage) 


Stej^J),  Determine  actual  section  properties. 

S+  - .654  in3 
3'  - .745  in3 
I - .763  in4 
w - 5.8  psf 

Step  6.  Compute  maximum  unit  resistance  ru. 

\m  • 36,300  x .654  - 1,978  lb-ft 

12  (Equation  3.22) 

Hun  “ 36,300  x .745  » 2,254  lb-ft 

12  (Equation  3.23) 

r+  " 1978  x 12,2  " 1,192  lb/ft 

(4.5)2  (Equation  3.25) 

r~  * 2254  x 10.1  1,124  lb/ft 

(4.5)2  (Equation  3.25) 

Maximum  resistance  ru  ■ 1,124  lb/ft,  Roverned 
by  capacity  at  support. 
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Step  7.  Determine  equivalent  static  stiffness. 

Kg  at  fjjL  m Elgg  x Tjj  x L 

Xg  0.0062  x ru  x tA  (Equation  3.26) 


ET  , I - 0.751 
eg  eq 


0.0062  x L3 


- 30  x 106  x .75  x .763  * 211,000  lb/ft 
0.0062  x (4.5)3  x 144 


Step  8.  Compute  the  natural  period  of  vibration  for 
the  1-ft  width  of  panel. 

mL  - £ - 5.8  x 106  x 4.5  - 0.81  x 106  lb-ms2 
g 32.2  ft 

Tn  - 2ir/(0.74  x 0.81  x 106)/211,000  - 10.6  ms 

Step  9.  Calculate  B/ru,  T/TN. 

B ■ 1.1  x p x b 

- 1.1  x 4.30  x 12  x 12  - 681  lb/ft 


B/ru  - 681/1124  - 0.606 

T/Tn  - 40/10.6  - 3.78 

Entering  Figure  6-7  in  TM  5-1300  with 
these  values, 

U » 1.20  < 1.25  O.K. 

Step  10.  Check  maximum  deflection  and  rotation. 
XE  " ruL^KE 

X_  - UXF  - 1.20  x 1,124  * .0287  ft 
46,879 

tan  6 - Xm/(L/2)  - .0287/2.25  - 0.01275 
8 » 0.73°  < 0.9°  O.K. 
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Step  11.  Check  resistance  in  rebound. 

From  chart.  Figure  3.9,  required  r/r 

Available  maximum  elastic  resistance 
in  rebound 


u 


0.50 


(r/r  ) . , - .654/ .745 

^'actual 


- .875  > 0.50  O.K. 

Step  12.  Check  resistance  in  shear. 

a.  Interior  support  (combined  shear  and  bending) 

Determine  dynamic  shear  capacity  of  a 1-ft 
width  of  panel: 


h • (1.500  - 2t)  inches,  t ■ .060 
* 1.5000  - 0.120  » 1.380  inches 
h/t  - 1.380/0.060  - 23  = 20 
Fdv  " 9,0  k8i  (Table  3.4b) 

Total  web  area  for  1-ft  width  of  panel 
(8  x h x t)/2  - 4 x 1.380  x .060 
- 0.3312  in2 

Vu  - 0.3312  x 9,000  - 2,980  lb 

Determine  tiaximum  dynamic  shear  force: 

The  maximum  shear  at  an  interior  support  of 
a continuous  panel  using  limit  design  is: 

Vmax  ’ °’55  x ru  * L 

- 0.55  x 1.124  x 4.5 


- 2,782  lb  < 2,980  lb  O.K. 
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b.  Knd  support  (simple  shear) 


Determine  dynamic  shear  capacity  of  a 1-ft 
width  of  panel: 

For  h/t  < 63,  Fdv  - 0.50Fdy  - 0.5  x 36,3 

- 18.15  ksi 

(Table  3.4a) 

Vu  - 0.3312  x 18,150  - 6,011  lb 

Determine  maximum  dynamic  shear  force: 

The  maximum  shear  at  an  end  support  of  a 
continuous  panel  using  limit  design  Is 

Vmax  ■ 0.45  x tu  x L » 0.45  x 1,124  x 4.5 

- 2,276  lb  < 6,011  lb  O.K. 

c.  Web  crippling 

End  support  (N  • 2*1/2  Inches) 

Q - 1,400  x 4 - 5,600  lbs  > 2,276  O.K. 

(Figure  3.10a) 

Interior  support  (N  ■ 5 Inches) 

Qu  - (3,500  x 4)/2  - 7,000  lbs  > 2,782  O.K. 

(Figure  3.10b) 

7 , 4 Design  of  Columns  and  Beam  Columns 

Problem  4:  Design  a column  or  beam-column  for  axial  load 

combined  with  bending  about  the  strong  axis. 

Procedure : 

Step  1.  Establish  design  parameters. 

a.  Bending  moment  M,  axial  load  P and  shear  V 
are  obtained  from  either  a preliminary  de- 
sign analysis  or  a computer  analysis. 

b.  Span  length  l and  unbraced  lengths  and  l . 

* y 
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c.  Properties  of  structural  steel: 


Minimum  yield  strength  Fy 
Dynamic  Increase  factor  c 

(Table  2.1) 

Dynamic  yield  strength  Fdy 

(Section  2.2.3) 

Step  2.  Select  a preliminary  member  size  with  a section 
modulus  S such  that 

S i M/Fdy 

and  bf/2tf  complies  with  the  structural 
steel  being  used.  (Section  3.3.4) 

Step  3.  Calculate  Py  (Section  3.3.4)  and  the  ratio  P/Py. 
Using  either  Equation  3.12  or  3.13,  determine 
the  maximum  allowable  d/tw  ratio  and  compare  it 
to  that  of  the  section  chosen.  If  the  allowable 
d/tw  ratio  is  less  than  that  of  the  trial  sec- 
tion, choose  a new  trial  section. 

Step  4.  Check  the  shear  capacity  of  the  web.  Determine 
the  web  area  A*,  (Section  3.3.3)  and  the  allow- 
able dynamic  shear  stress  F<jv  (Section  2.2.3). 
Calculate  the  web  shear  capacity  Vp  (Equation 
3.11)  and  compare  to  the  design  shear  V.  If 
Inadequate,  choose  a new  trial  section  and  return 
to  Step  3. 

Step  3.  Determine  the  radii  of  gyration,  rx  and  ry,  and 
plastic  section  modulus,  2,  of  the  trial  section 
from  the  AISC  Handbook. 

Step  6.  Calculate  the  following  quantities  using  the 
various  design  parameters: 

a.  Equivalent  plastic  resisting  moment 


Hp  * V 

b.  Effective  slenderness  ratios  Kix/rx  and 

KZy/ry.  For  the  effective  length  factor  K, 
ace  Section  1.8  of  the  Commentary  on  the 
AISC  Specification  and  Section  4.3. 
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c.  Allowable  axial  stress  Fa  corresponding  to 
the  larger  value  of  Kl/r. 

d.  Allowable  moment  M,,,  from  Equation  4.6  or  4.7. 

e.  Fg  and  "Euler"  buckling  load  Pe  (Section  4.2). 

f.  Plastic  axial  load  Pp  (Section  4.2)  and 
ultimate  axial  load  Pu  (Equation  4.2). 

g.  Coefficient  (Section  1.6.1  AISC 
Specification) . 

Step  7.  Using  the  quantities  obtained  In  Step  6 and  the 
applied  moment  M and  axial  load  P,  check  the 
Interaction  formulas  (Equations  4.4  and  4.5). 

Both  formulas  oust  be  satisfied  for  the  trial 
section  to  be  adequate. 

Example  4(a):  Design  of  a roof  girder  as  a beam-column. 

Required:  Design  a fixed-ended  roof  v»irder  in  a framed  structure 

for  combined  bending  and  axial  load. 

Step  1.  Given: 

a.  Preliminary  computer  analysis  gives  the 
following  values  for  design: 

M*  - 115  ft-klps 

My  - 0 

P - 53.5  kips 
V - 15.1  kips 

b.  Span  length  l • 17*-0" 

Unbraced  lengths  lx  • 17'-0"  and  Zy  « 17'-0" 

c.  A36  structural  steel 

?y  • 36  ksl 

c * 1.10  (Table  2.1) 

Fdy  “ cFy  " 1-10(36)  - 39.6  ksl 

(Section  2,2.3) 
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Step  2. 


S - VFdy  * H5(12)/39.6  “ 34.8  in3 
Try  W12x36  (S  - 46  in3) 

A - 10.6  in2  d/tw  - i j.l 

bf/2tf  - 6.08  < 8.5  O.K.  (Section  3.3.4) 

Step  3. 

Py  - AF  - 10.6(36)  - 382  kips 

y (Section  3.3.4) 

P/Py  - 53.5/382  - 0.140  < 0.27 

d/tw  - (412//F~)[l  - 1.4(P/Py)] 

(Equation  3.12) 

- (412//36)[l  - 1.4(0.140)] 

- 55.2  > 40.1  O.K. 

Step  4. 

Vp  " Fdv\i  (Equation  3.11) 

F . - 0.55F.  - 0.55(3?. 6)  - 21.8  kai 

y (Section  2.2.3) 

Ay  • ^,(0  - 2tf)  - G.3QS[l2.24  - 2(0.540)] 

• 3.40  in2  (Section  3.3.3) 

Vp  • 21.8(3.40)  - 74.1  kip®  > 15.1  kips  O.K. 

Step  5. 

rx  • 5.15  in. 
ry  • 1.55  in. 

Z • 51.6  in3 
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(A1SC  Manual) 


Step  6. 


Mpx  • Fdy  x Zx  (Section  4.?) 

- 39.6  x 51.6  x 1/12  - 170.3  ft-kips 

K » 0.75  (Section  1.8,  Comentary 

on  AISC  Specification) 

KZx/rx  " [0.75(17)12]/5.15  - 30 

lUy/ry  - TO. 75(17)12]/1.55  - 99 

Fa  - 13.10  ksi  for  Kly/ry  - 99  and  Fy  - 36  kai 

(Appendix  A, 
AISC  Specification) 

1.10(13.10)  - 14.41  ksi  for  Fdy  - 39.6  ksi 

• Cl. 07  - »/ty)/^v]«px  i Mp, 

3,160  (Equation  4.7) 

- [1.07  - (204/1.5S)/39T6ll70.3 

3,160 

- 137.6  < 170.3  ft-kips 

Fex  " . - -X2*.?JL - * 12n2(29.000)  - 165.7  kai 

23(KJb/rx)2  23(30)2  (Section  4.2) 

Pex  - 23AF;x  - 23(10.6)165.7  - 3,360  kips 

12  12  (Section  4.2) 

Pp  - FdvA  • 39.6(10.6)  - 420  kips 

(Section  4.2) 

Pu  • 1.7AFa  - 1.7(10.6)14.41  - 260  kips 

(Equation  4.2) 

C**  - 0.85  (Section  1.6.1. 

AISC  Specification) 
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Step  7. 


p_  + Ch«Mx  * _ i 1 

pu  a - p/pex»W  <!  - p/pey>«my 

(Equation  4.4) 

• 5.3^  + 0.85(115) 

260  (1  - 5 1.5/ 3360) 137. 6 

- 0.206  + 0.722  - 0.928  < 1 O.K. 

P + Mx  + My  <1 

Pp  iTlSM^  lTlBMpy  (Equation  4.5) 

- 5J^5  + JL 15 - 0.127  + 0.572 

420  i.  18(161) 

- 0.699  < 1 O.K. 

Trial  section  meets  the  requirements  of  Chapter  4. 
Example  4(b):  Design  of  column. 

Required:  Design  an  exterior  f ixed-pinned  column  in  a framed 

structure  for  biaxial  bending  plus  axial  load. 

Step  1.  Given: 

a.  Preliminary  design  analysis  of  a particular 
column  gives  the  following  values  at  a 
critical  section: 

K*  - ill  ft-kipe 

My  * 34  ft-kips 

P • 76  kips 

V *•  54  kips 

b.  Span  length  l * 17' -3'* 

Mnbraced  lengths  l%  • 17'-3"  and  l . « 4'-0“ 
(laterally  supported  by  wall  girts) 
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A36  structural  steel 


«• . 

Fv  - 36  ksi 

c “ 1.10  (Table  2.1) 

Fdy  = cFy  - 1.10(36) 

■ 39.6  ksi  (Section  2.Z.3) 

Step  2. 

S - Mjj/Fjy  - 311  (12)/39.b  • 94.2  in3 
Trv  W14  x 78  (S  « 121  in3) 

A - 22.9  in2  d/t^  - 32.9 

bf/2t^  • 8.36  < 8.5  O.K.  (Section  3.3.4) 

Ste£_3. 

Pv  - AF  - 22.9(36)  - 824  kips 

(Section  3.3.4) 

P/Pv  • 76/824  - 0.0922  < 0.27 

d/t„  - C412//F")[l  - 1 .4 (P/P v) 3 

(Equation  3.12) 

- (412//36)[l  - 1.4(0.0922)] 

* 39.9  > 32.9  O.K. 

Step  4. 

V * (Equation  3.11) 

Fdv  * °*5SFdy  * 0.36(39.6) 

- 21.8  ksi  (Section  2.2.3) 

- tv(d  - 2tf)  - 0.428[14.06  - 2(0.718)] 

■ S.6Q  (Section  3.3.3) 

Vp  • 21.8(3.40)  - 117.7  kips  > 54  kips  0. 

1)1 


Step  5. 


Step  6. 


rx  " ft*09  Inches 
ry  • 3.00  Inches 
7*x  - 134  in3 
Zy  - 52.4  in3 

«p  - V 

% - 39.6  x 134  x 1/12  - 

Mpy  - 39.6  x 52.4  x 1/12  - 

Use  K - 1.5 

* 1.5(17. 25)12  • 51 
r„  4.09 


(AISC  Manual) 

(Section  4.2) 
442  ft-kipa 
173  ft~kips 

(Section  4.3) 


KZv  * 1.5(4.00)12  - 24 

V 3.00 

Fa  * 18.26  ksi  for  K2x/rx  - 51  *nd  Fy  - 36  ksi 
1.10(18.26)  • 20.09  ksi  for  Fdy  • 39,6  ksi 
\x  * ^px  * 442  ft  "kips 

V • *Vy  * 173  ft-kips  (Equation  4,6) 

Fex  " • 12_»2(29,OqO)  - 57.3  ksi 

23<KVr*>2  23(51)2  (Section  4.2) 

Fev  * - 12* 2 ( 29 1 000)  • 259  ksi 

23(K‘h/ry)2  23(24)2  (Section  4.2) 

Pe*  * ilAVk  " ^^-9>37>3  - 2,510  kips 

U 12  (Section  4.2) 

Pev  - ^Fey  ” 23(22.9)259  • 11,370  kips 

12  12  (Section  4.2) 
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Pp  - FdyA  - 39.6(22.9)  - 907  kips 

Pu  - 1.7AFa  - 1.7(22.9)20.09  - 783  kips 

- C • 0.85  (Section  1.6.1, 

V AISC  Specification) 


P + •'  ' 

pu  <V-  >/*W*V*‘  (VVp/p-)^ 

(Equation  4.4) 

76_  ♦ 0.83(311)  + 0.83(34) 

783  (1  - 76/2510)442  (V-  76/1 070)173 

0.097  ♦ 0.617  ♦ 0.168  - 0.882  < 1 0-K- 

P/Pp  ♦ Hj./d.iaMpjj)  ♦ My/(1.18Mpy)  « 1 

(Equation  4.5) 

76/907  + 3U/[l. 18(442)]  + 34/(1.18(173)]  • 

0.084  ♦ 0. 59t>  ♦ 0.166  - 0.846  < 1 O.K. 

Trial  section  eeets  the  requireoents  cf  Chapter  4. 
7 . 5 Design  of  Open-Web  Steel  Jo lacs 

Problem  5:  Analysis  or  design  of  an  open-web  joist  subjected  to  a 
pressure '‘tine  loading. 

Procedure : 

Seep  1 . Establish  design  parameters. 

a.  Pressure- tine  curve 

b.  Clear  span  length  and  joist  sparing 

c.  Hlnlnua  yield  stress  Fy  for  chord  and  web 
•esters 

Dynamic  increase  factor,  (Table  2.1) 

d.  Design  ductility  ratio  » and  nastey*  end 

rotation  for  a reusable  or  non-reusable 
structure  (Section  2.3.3) 
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Step.  y.  Select  a preliminary  joist  size  an  follows: 


a.  Assume  a dynamic  load  factor 

(Section  3.3.2) 

b.  Compute  equivalent  static  load  on  joist  due 
to  blast  overpressure 

Wj  ■ DLF  x p x b 

(Dead  load  of  joist  and  decking  not  Included) 

c.  Equivalent  service  live  load  on  joist 

Wt  ■ w^/1.87  (Section  3.H) 

d.  From  ‘’Standard  Load  Tables"  adopted  by  the 
Steel  Joist  Institute  and  AISC,  select  a 
joist  for  the  given  span  and  the  structural 
steel  being  used,  with  a safe  service  load 
(dead  load  of  joist  and  decking  excluded) 
equal  to  or  greater  than 

Check  whether  tiltiimate  capacity  of  Joist  Is 
controlled  by  flexure  or  by  shear. 

Step  3.  Find  the  resistance  of  the  Joist  by  multiplying 
the  safe  service  load  by  1.87. 

Step  4.  Calculate  the  stiffness  of  lu».e  Joist,  K.e,  using 
Table  3.1. 

Determine  the  ^quiv.  lent  elaaiic  deflection  *£ 

given  by. 


XE  " ruL/KS 

StyjO.  Detersive  the  effective  mass  using  the  weight  of 
the  joist  with  Its  tributary  are*  of  decking,  and 
the  corto  r 1'Kjndir.R  load-maos  factor  given  in 
Table  tt-1  of  IN  3-1300. 

Calculate  the  natural  period  of  vibration,  Ts. 

Step  3.  Follow  pr  ocedure  outlined  in  ba  or  bfe  deperuSlnR 
oil  vh  ithcr  the  joist  capacity  in  controlled  by 
flexure  or  by  shear. 


I 
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Stej^6ik.  Joist  design  controlled  by  flexure. 

a.  Find  ductility  ratio  u • J^/Xj. 

from  Figure  6-7  of  TM  5-1300,  using  the 
values  of  T/Tjj  and  B/ru. 

b.  Check  if  the  ductility  ratio  and  tuaximum  end 
rotation  meet  the  criteria  requirements 
outlined  in  Section  2.3.3. 

If  the  above  requirements  are  mu  .satisfied, 
select  another  dynamic  load  factor  amt 
repeat  Steps  2 to  5. 

c.  Check  if  the  top  chord  meets  the  requirements 
for  a beam-column  (Section  4.2). 

Step  6b.  Joist  design  controlled  by  shear. 

a.  Find  ductility  ratio  u • from 

F'gure  6-7  of  TM  5-1300,  using,  the  values 
of  T/Tfj  and  B/ru. 

b.  If  u * 1.0,  design  is  o.g. 

If  \i  * 1.0,  assume  a higher  dynamic  load 
factor  and  repeat  Steps  2 to  5.  Continue 
until  u < 1.0.  Check  end  rotation, 
against  design  criteria. 

c.  Since  the  capacity  is  controlled  by  musicur. 
end  reaction,  it  will  generally  not  K*  nee- 
essarv  to  check  the  top  ehord  as  a hea»- 
teluan.  however,  when  such  a check  is 
warranted,  the  procedure  in  Step  fea.c  can 
be  followed. 

Step  ?.  Check  the  bottom  chord  for  rebound. 

a.  Determine  flue  required  resistance,  r,  tor 
elastic  behavior  In  rc ’bound. 


b.  Compote  the  bending  ao=ent . M,  and  find  the 
axial  forces  In  top  and  ’bottom  chords  usins 

P - H/d 

where  d is  taken  as  the  distance  between  the 
centroids  of  the  top  and  bottom*  <hor4  sections. 
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c.  Determine  the  ultimate  axial  load  capacity 
of  the  bottom  chord  considering  the  actual 
slenderness  ratio  of  its  elements. 

Pu«1.7AFa 

where  Fa  is  defined  in  Section  4.2. 

Tne  value  of  Fa  can  be  obtained  by  using 
either  Equation  4.3  or  the  tables  in  the 
AISC  Specification  which  give  allowable 
stresses  for  compression  members.  When 
using  tnese  tables,  the  yield  stress  should 
be  taken  equal  to  F^y. 

d.  Check  if  Pu  > P. 

Determine  bracing  requirements. 

Example  ri(n):  Design  of  an  open-web  steel  joist 

Required:  Design  a reusable  simply-supported  open-web  steel 

joist  whose  capacity  is  controlled  by  flexure. 


Solut ion : 


Step  1.  Given: 

a.  Pressure-time  loading  [Figure  7.4(a)] 

b.  Clear  span  ■ 50' -0" 

Spacing  of  joists  - 7’-0" 

Weight  of  decking  ■ 4 psf 

c.  Structural  steel  properties 

Chords  Fv  ■ 50,000  psi 

Web  Fy  ■ 36,000  psi 

Dynamic  increase  factor 

C - 1.10  (Table  2.1) 

Dynamic  yield  stress,  F^y  ■ cFy 

Chords  Fjjy  ■ 55,000  psi 

Web  Fdy  a 39,600  psi 
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d.  Design  criteria 

Maximum  ductility  ratio: 

Maximum  end  rotation: 

Step  2.  Selection  of  joist  size 

a.  Assume  a dynamic  load  factor.  For  a pre- 
liminary design  of  a reusable  element,  a 
DLF  = 1.0  is  generally  recommended.  However, 
since  the  span  is  quite  long  in  this  case, 
a DLF  of  0.70  is  selected. 


(Section  2.3.3) 

2.0 


max 

e 

max 


1° 


> 

« 

Cf 

m 

6.75 

■ 

ft 

ft  ** 

S 6 

lO 

- 

r - 

^•32LHI1 

*10 

^Tl 

S 

a 

r 

_ 5.75"  _ 

Figure  7.4(a)  Joist  cross-section  and  loading. 
Example  5(a). 
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tiflji  -1  li‘. ' 


b.  Equivalent  static  load  on  joist: 

vl  - 0.70  x 1.45  x 144  x 7.0 
- 1,023  lb/ft 

c.  Service  live  load  on  joist: 

«2  “ Wj/1 .87 

* 1.023/1.87  - 547  lb/ft 

d.  Using  the  "Standard  Specification  and  Load 
Tables"  of  the  Steel  .Joist  Institute,  for  a 
span  of  50'-0",  try  32LH11.  Joist  tables 
show  that  capacity  is  controlled  by  flexure. 

Total  load-carrying  capacity  (including  dead 
load  - 602  Ib/ft ) 

Approximate  weight  of  joist  and  decking 

* 28  + (4  x 7)  - 56  lb/ft 

Total  load-carrying  capacity  (excluding  dead 
load  - 602  - 56  - 546  lb/ft) 

The  following  section  properties  refer  to  the 
selected  joist  32LH11  [Fig  7.4(a)]: 

Top  Chord  : 

Two  3 x 3 x 5/16  angles 
A - 3.56  in2 
rx  * 0.92  in, 

Xy  *•  1.54  in. 

Ix  - 3.02  in4 

Bottom  Chord: 

Two  3 x 2-1/2  x 1/4  angles 
A - 2,62  in2 
rx  - 0.945  in. 
ry  » 1,28  in, 

Ix  - 2.35  in4 

Ijot  for  joist  - 1,383.0  in4 
Panel  length  ■ 51  inches 


Step  3.  Resistance  per  unit  length 


Step  4. 


Step  5. 


Step  6a. 


ru  - 1.87  x 546  - 1,021  lb/ft 

Ke  - 384  EI/5L3  - 384  x 29  x 106  x 1,383 

5(12  x 50) 3 

(Table  3.1) 

* 14,260  lb/in 

XE  * r L/Ke  - 1,021  x 50  - 3.58  inches 
14,260 

Total  mass  of  joist  plus  decking 

M - 56  x 50  x 106  - 7.25  x 106  lb-ms2/in 
386 

Total  effective  mass  Mg  » K^j^H 

Ktw  - 0.5(0.79  + 0.66)  - 0.725  (Table  6.1, 

TM  5-1300) 

^ - 0.725(7.25  x 106) 

■ 5.25  x 10^  lb-ms2/ in 
Natural  period  T^  ■ 2ir/Me/KE 

• 2 it /5, 250, 000/1 4, 2 60 
» 120.3  os 

Behavior  controlled  by  flexure.  Use  Step  6a. 


a.  T/TN  - 40/120.3  - 0.332 

B/ru  ■ 1.45  x 144  x 7 « 1.43 

1,021 

From  Figure  6-7  of  TM  5-1300, 
y - Xjj/Xp  - 1.42  < 2.0  O.K. 
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b.  Xn,  * 1.42  x 3.58  * 5.08  inches 
tan  0 - ^/(L/2)  “ 5.08/(25  x 12) 

- 0.017  < 0.018 

a - i°  o.k. 

c.  Check  top  chord  as  a beam  column. 

Maximum  moment  at  mid-span 

M « ruL2/8  - 1,021  x (50) 2 x 12 
8 x 1,000 

- 3,826  in-kips 

Maximum  axial  load  in  chords 

P » M/d 

d * distance  between  centroids  of  top  and 
bottom  chords  [see  Figure  7.4(b)]. 

■ 30.22  inches 

P - 3,826/30.22  - 126.6  kips 

l • panel  length  * 51  inches 

Slenderness  ratio,  It rx  ■ 51/0.92 

- 55.4  < Cc 

where  Cc  - /2Tf2E/Fdy  - 102  (Equation  4.1) 

Fa  - 25.34  ksi  (Table  1-55, 

AISC  Specification) 

Pu  • 1.7AFa  (Equation  4.2) 

- 1.7  x 3.56  x 25.34  - 153.3  kips 

Considering  the  first  panel  as  a fixed, 
simply-supported  beam,  the  maximum  moment 
In  the  panel  la: 
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M - ruL2/12  - 1.02KS1)2 

12  x 12  x 1000 

* 18.45  in-kips 

The  effective  slenderness  ratio  of  the  top 
chord  In  the  first  panel: 

KZfe/rx  = (1.0  x 51)/0.92  - 55.4 

F'  - 1 2tt 2E  - 1 2tr 2 x 29,000 

— . — — — - — i * ■■ 

23<KZb/rx)2  23(55. 4)2 

- 48.7  ksi 

Pex  - (23/12)AFgX  - 23/12  x 3.56  x 48.7 
• 333  kips 

(i  - P/Pg*)  - (1.0  - 126.6/333)  - 0.62 

To  determine  the  plastic  moment  Mp  is 
needed  and  the  value  of  Zx  has  to  be  computed. 

The  neutral  axis  for  a fully  plastic  section 
is  located  at  a distance  3f  from  the  flange. 

3x  - (3  - 5/16)5/16  + 3(5/16  - x) 

- (43)5/(16  x 16)  + 15/16  - 3x 

x - 455/(6  x 256)  ■ 0.296  inch 

The  plastic  section  modulus,  Z x,  is  found 
to  be: 

Z„  - 2[(0,296)2  x 3 
2 

+ (3.0  - 0.3125) (0 . 3125  - 0.296)2 

2 

+ (3  - 0.296)2  x 0.3125] 

2 

- 0,263  * 0.007  + 2.285  - 2.555  in^ 
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M = FjvZ  - 55  x 2.555  - 140.5  In-kips 
,X  (Section  4.2) 

\x  • fl.07  - - «px 

3,160  (Equation  4.7) 

where  ry  is  least  radius  of  gyration  * 0.92 

- fl.07  - (55 .4/427) ]l40. 5 

- (1.07  - 0.13)140.5  - 132.0  in-kips 

C,,,  - 0.85  (Section  1.6.1,  AISC) 

P/Pu  + ^M/td  - P^ex^  <1.0 

(Equation  4.4) 

126.6  + 0.85(18.45)  <1.0 
153.3  0.62(132.0) 

« 0.825  + 0.192  - 1.017  = 1.0  O.K. 

^tep  7.  Check  bottom  chord  for  rebound. 

a.  Calculate  required  resistance  in  rebound. 
T/Tn  - 0.332 

From  Figure  3.8,  1002  rebound 
r/ru  - 1.0 

r - ru  - 1,021  lb/ft. 

b.  Moment  and  axial  forces  in  rebound 
M • (r  x L^)/8  ■ 3,826  in-kips 
Maximum  axial  force  in  bottom  chord 
P ■ M/d  ■ 126.6  kips  (compression) 

c.  Ultimate  axial  load  capacity 

Stability  in  vertical  direction 
(about  x-axis) 
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I = 51  Inches 


rx  - 0.945 

Z/r  - 51/0.945  - 54.0  < tc 

where  (’r  • */(2^E)/Fdy  - 102 

Fa  - 25.61  ksi  (Table  1-55, 

AISC  Specification) 

Pu  - 1.7AFa  - 1.7  x 2.62  x 25.61 

■ 114.0  kip9 

d.  Check  bracing  requirements. 

(Pu  - 114.0)  < (Pu  - 126.6)  NX. 

Adding  a vertical  member  (L  2x2x3/16) 
between  panel  joints  of  bottom  chord 

New  slenderness  ratio  * (51 .0)/0.945 

2 

- 27.0 

In  this  case,  F,  » 30.09  ksi 
Pu  - 1.7  x 2.62  x 30.09 

- 134.0  kips  > 126.6  kips  O.K. 

(This  additional  bracing  is  needed  in 
mid-span  but  may  be  spared  at  the 
joist  ends.) 

Stability  in  the  lateral  direction 
(about  y-axis) 

Pu  * 126.6  kips 

ry  ■ 1.28  inches,  A » 2.62  in’ 

Fa  ■ PU/(1.7A)  • 126.6/(1.7  x 2.62) 

- 28.4  ksi 

For  a Riven  Fa  ■ 28.4,  the  correspond ins 
slenderness  ratio: 
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^M*****"*"— ■ >'  ' > «r  -‘le  I ■<.  'iX  ■ ' "Vi.  I ai  - - — aaid. 


PRESSURE 


Hr  - 38 


(Table  1-55, 
AISC  Specification) 

Therefore,  maximum  unbraced  length  in 
mid-span: 

■ 38  x 1.28  • 48.6  Inches 

Use  lateral  bracing  at  panel  points, 
l.e.,  51  inches  at  mid-span.  The  un- 
braced length  may  be  increased  at  joist 
ends,  but  not  greater  than  specified 
for  bridging  requirements  in  the  joist 
specification. 

Example  S(b):  Analysis  of  existing  open-web  steel  joist. 

Required:  Analyze  a simply-supported,  reusable  open-web  steel 

joist  whose  capacity  is  controlled  by  shear. 


m.  «•* 


Figure  7.4(b)  Joist  cross-section  and  loading, 
Example  5(b). 
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So lut Ion: 


S top_  _1 . (liven: 

a.  Pressure-time  loading  f Figure  7.4(h)] 
Joist  22H11 

b.  Clear  span  " 12 '-0” 

Spacing  of  joists  = b'-0" 

Weight  of  decking  = 4 psf 

c.  Properties  of  structural  steel: 

Chords  Fy  ■ 50,000  psi 

Web  Fy  - 36,000  pai 

Dynamic  increase  factor,  c » 1.10 

(Table  2.1) 

Dynamic  yield  strength,  Fdy  - cFy 
Chords  Fjy  • 55,000  pal 

Web  Fdy  - 39,600  pai 

d.  Design  criteria  (Section  2.3.3) 

umax  * 1-0 

*«•*  - 

Step  2. 

a.  Assume  the  DLF  * 1.0 

b.  Overpressure  load  on  Joist 

wt  - 1.0  x 1.0  x 144  x 6 - 864  lb/ft 

c.  Equivalent  service  load 

v,  - Wj/1.8?  - 864/1.87  - 462  ib/ft 
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d.  From  Che  "Standard  Specifications  and  toad 
Tables"  of  the  Steel  Joist  Institute: 


Total  load-carrylnR  capacity  (Including 
dead  load)  ■ 506  lb/ft 

Approximate  weight  of  joist  plus  decking  » 

17  ♦ (6  x 4)  - 41  lb/ft 

Total  load-carrying  capacity  (excluding 
dead  load)  • 

SOh  - 4!  - 465  > 462  ft.K. 

From  the  steel  loist  catalog,  the  follow- 
ing are  the  section  properties  of  Joist 
22H11  [Figure  7.4(b) J: 

Panel  length  • 24  inches 

Top  Chord: 

A • 1.915  in2 
I*  - 0.455  in4 
rs  - 0.485  In. 
ry  - 1.701  In. 

Bottom  Chord: 

A - 1.575  in2 
1*  - 0.388  In4 
rx  • 0.497  in. 
ry  • 1.469  la. 

Ijm  for  joist  ” 396.0  la** 

Step  3.  kesiataoee  per  unit  length 

ru  - 1.87  x 465  • 870  ib/fc 

Step  4.  - 384 El  - 384  x 29  x 10*  x 396 

5L3  5 x (12  x 32>3 

• 15,580  Ib/lR  (Table  3.1) 
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xt  • r„L/1S: 


■ 870  x32  ■ 1.79  Inches 
15, 580 

Step  5.  Hass  of  joist  plus  decking 

H * 4i  *JL2  *JJL6  " * 106  lb-tt»*/in 

386 

effective  mass  M - K.  ^ (Table  6-1, 

* TM  5- 1300) 

- 0.78  x 3.4  x 106  - 2.63  x 106  lb-as2/jn 
Natural  period  T,.  - 2«/mo/Kc 

- 2t»/2  rb'SOToOO/ 1S.S80  - 81.8  ss 

behavior  controlled  by  shear.  Use  Step  »>b 
of  the  procedure. 

S ti^>  6J» . 

a.  T/T  - 23/81.8  - 0.303 

H/r  • 0 *_  144  x.  1.0  - 0.993  ~ 1.0 

870 

fYo»  Kift.  6-7  of  TM  3-1300, 

b.  a • X^/Xj;  < 1.0;  elastic.  O.K. 
tan  d « 1.79/U./2) 

* 1 .79/(16.0  x 12)  - 0.0093 

* - 0.33°  < 1°  o.K. 

c - Check  of  top  chord  as  a beaat-columa  is 
not  necessary. 

Step  7.  Check  but toe  chord  in  rebound. 

a.  For  w • 1 and  T/Tj,  * 0.303, 

rebound  • 1001  (Picure  3.9) 
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r • r 


b.  Determine  axial  load  in  bottom  chord, 

P - M/d, 

For  an  elastic  response,  u < 1.0,  where 
T/Tn  - 0.305,  the  DLF  - 0.87 

(Figure  3.3) 

Kqul valent  static  load,  w 
w • DLF  x b x ? 

- 0.87  x 12  x 12  x 6 x 1.0  - 751  lb/rt 
Maximum  moment  in  rebound,  M " vL2/8 

M - 751  x (32)2/8  x 12  - 1.155.000  in-11, 
P ■ M/d  - 1,155.000/21.28 

- 54,300  lb  - 54.3  kips 

c.  Check  bracing  requirements. 

(1)  Vertical  bracing  of  bottom  chord: 

Panel  length  - 24  Inches 

rx  - 0.497,  ry  - 1.469,  A - 1,575  in2 

i/rx  • 24/0.497  - 48.3 

Allowable  P • 1.7  x 1.575  x 26.67 

• 71.4  kips  > 54,3  kips 

(Table  1-55, 
AISC  Specification) 

No  extra  brae  Inc  required. 

(2)  lateral  bracing  of  bottom  chord: 

P - 54.3  kips.  A • 1.575  in2 

f - P/1.7A  - 54.3/<l  - \ i,5.*5) 

4 
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20.3  ksi 


For  Y,  - 55  kai  and  P„  - 20.3  kai 
« 7 a 

llx  - 79 

l m 79  x 1.469  • 116  inches 

(Table  1-55, 

A1SC  Specification) 

Therefore.,  use  lateral  bracing  at 
every  4th  panel  point  cloae  to  mid- 
apan.  The  unbraced  length  nay  be 
incraaaed  at  joint  ends,  but  not 
greater  than  specified  for  bridging 
requirements  in  the  joist  specification. 

7.6  Design  of  Single-Story  Rigid  Frames  for  Pressure-Time 
Loading 

Problem  6;  Design  a single-story,  multi-bay  rigid  frame  subjected 
to  a pressure-time  loading. 


Procedure ; 

Step  1.  Establish  the  ratio  a between  the  design  values 
of  the  horizontal  and  vertical  blast  loads. 

Step  2.  Using  the  recommended  dynamic  load  factors 

presented  in  Table  5.2,  Section  5.2.1,  establish 
the  magnitude  of  the  equivalent  static  load  v 
for; 

(e>  local  (mechanisms  of  the  roof  and  blastward 
column,  and 

<b)  panel  or  combined  mechanisms  for  the  frame 
ae  a whole. 

Step  3.  Ualng  the  general  expressions  for  the  possible 
canapes  mechanisms  from  ▼able  5.1  and  the  loads 
from  Step  2,  aaaume  value*  of  the  moment  capa- 
city ratios  e and  €|  and  proceed  to  establish 
the  required  design  plastic  moment  % consider- 
ing all  possible  mechanises.  So  order  to  obtain 
a reasonably  economical  design,  it  is  desirable 
to  select  C and  Cj  so  that  the  least  rtoietaece 
(or  the  required  value  of  .V)  corresponds  to  s 
combined  mechanism.  This  will  normally  require 
several  trials  with  assumed  value*  of  C and  Ct . 
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Step  4.  Calculate  the  axial  loada  and  shears  in  all 

members  using  the  approximate  method  of  Section 
5.2.4. 

Step  5.  Design  each  member  as  a beam-column  using  the 
ultimate  strength  design  criteria  of  Chapter  4. 

A numerical  example  is  presented  in  Section  7.4. 

Step  6.  Using  the  moments  >f  inertia  fro*  Step  5,  cal- 
culate the  sidesvay  natural  period  using  Table 
5.3  and  Equations  5.1  and  5.2.  Enter  Figure  6-7 
of  TM  5-1300  vitu  the  ratios  of  T/TN  and  ii/Ry 
and  establish  the  ductility  ratio  v.  In  this 
case,  B/Ry  is  the  reciprocal  of  the  panel  or 
sidesvay  mechanism  dynamic  load  factor  used  in 
the  trial  design.  Multiply  the  ductility  ratio 
by  the  elastic  deflection  given  by  Equation  5.4 
and  establish  the  peak  deflection  X^  from  Equa- 
tion 5.5.  Compare  the  Xg/H  with  the  criteria  of 
Chapter  2. 

Step  7.  Repeat  the  procedure  of  Step  6 for  the  local 
mechanisms  of  the  roof  and  blastvard  co luan . 

The  stiffness  and  natural  period  may  be  obtained 
from  Tables  3.1  and  3.3,  respectively.  The  re- 
sistance of  the  roof  girder  and  the  blastvard 
column  may  be  obtained  from  Table  5.1  using  the 
values  of  Mp  and  CM_  determined  in  Step  3.  Com- 
pare the  ductility  ratio  and  rotation  with  the 
criteria  of  Chapter  2. 


Step  8.  a.  If  the  deflection  criteria  for  both  side- 
svay and  beam  mechanisms  are  satisfied, 
then  the  member  sizes  from  Step  5 constitute 
the  results  of  this  preliminary  design. 

These  members  would  then  be  used  in  s more 
rigorous  dynamic  frame  analysis  such  as  the 
nonlinear  dynamic  computer  program  DYNFA. 

b.  If  the  deflection  criterion  for  a sidesvay 
mechanism  is  exceeded,  then  the  resistance 
of  all  or  most  of  the  members  should  be 
increased . 


c.  If  the  deflection  criterion  for  a beam  mech- 
anism of  the  front  vail  or  roof  girder  is 
exceeded,  then  the  resistance  of  the  member 
in  question  should  be  Increased.  The  member 
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sizes  to  be  used  in  a final  analysis  should 
be  the  greater  of  those  determined  from 
Steps  8b  and  8c. 


Example 

Required 


Design  of  a rigid  frame  for  pressure-time  loading. 

Design  a four-bay,  single-story,  reusable,  pinned- 
base  rigid  frame  subjected  to  a pressure-time  loading 
in  its  plane. 

Given: 

a.  Pressure-time  loading  (Figure  7.5) 

b.  Design  criteria  for  a reusable  structure. 
For  a frame,  6/H  - 1/50.  The  limits  on 
9max  f°r  * fraae  member  are  summarized  in 
Section  2.3.3. 

c.  Structural  configuration  (Figure  7.5) 

d.  A36  steel 

e.  Roof  purlins  spanning  perpendicular  to 
frame 

f.  Frame  spacing,  b - 17  ft 

g.  Uniform  dead  load  of  deck,  excluding  fraae 

Step  1.  Determine  a:  (Section  5.2.1) 

bh  - bv  - 17  ft 

qh  - 5.8  x 17  x 12  - 1,183  lbs/in 
qv  ■ 2.5  x 17  x 12  ■ 510  lbs/ln 
a - qh/qv  ■ 2.32 

Step  2.  Establish  equivalent  static  loads. 

(Table  5.2) 

a.  Local  beam  mechanism,  v - DLF  x qv 

v ■ 1.0  x 510  x 12  ■ 6.12  k/ft. 

1,000 
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PRESSURE 


BLAST  WARD  EXTERIOR  ROOF  (Average) 

WALL 


Figure  7.5  Preliminary  design  of  four-bay,  single-story 
rigid  frame,  Example  6. 
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b.  Panel  or  combined  me chan lea,  w - DLF  x qv 

w * 0.5  x 510  x 12  - 3.06  k/ft 

1,000 

Step  3.  The  required  plastic  moment  capacities  for  the 
frame  members  are  determined  from  Table  2.1 
based  upon  rational  assumptions  for  the  moment 
capacity  ratios  and  C.  In  general,  the  rec- 
ommended starting  values  are  equal  to  2 and 
C greater  than  2. 

From  Table  5.1,  for  n * 4,  a ■ 2.32, 

H - 15.167  ft,  L - 16.5  ft 

and  pinned  bases,  values  of  and  C were 
substituted  and  after  a few  trials,  the  follow- 
ing solution  Is  obtained: 


Mp  - 104  kip-ftf 

■ 2.0  and  C 

- 3.3. 

The  various  collapse  mechanisms  and  the  assO' 
elated  values  of  Mp  are  listed  below: 

Collapse 

Mechanism 

w 

(k/ft) 

(k3ft) 

1 

6.12 

104 

2 

6.12 

102 

3a,  3b 

3.06 

102 

4 

3.06 

103 

5a,  5b 

3.06 

88 

6 

3.06 

93 

The  plastic  design  moments  for  the  frame 
members  are  established  as  follows: 

Girder,  Mp  - 104  k-ft 

Interior  column,  C^Mp  • 208  k-ft 

Exterior  column,  CMp  - 364  k-ft 
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Step  4.  a.  Axial  loads  and  shears  due  to  horizontal 
blast  pressure, 

v - 3.06  k/ft 

Proa  Figure  5.1,  R • awH 

- 2.32  x 3.06  x 15.167 

■ 108  kips 

(1)  Member  1,  axial  load 

■ R/  2 ■ 54  kips 

(2)  Member  2,  shear  force 

V2  “ R/ 2(4)  - 108/8  - 13.5  kipe 

(3)  Member  3,  shear  force 

V3  - R/2  - 54  kips 

b.  Axial  loads  and  shears  due  to  vertical 
blast  pressure, 

v - 6.12  k/ft 

(1)  Member  1,  shear  force 

Vx  - v x L/2  - 6.12  x 16.5/2 
“ 50.4  kips 

(2)  Member  2,  axial  load 

P2  - v x L * 6.12  x 16.5 
* 101.0  kips 

(3)  Member  3,  axial  load 

P3  • v x L/2  • 50.4  kips 

Note:  The  dead  loads  are  snail  compared  to 

the  blast  loads  and  are  neglected  in 
this  step. 
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Step  5.  The  members  are  designed  using  the  criteria 
of  Chapter  4 with  the  following  results: 


Mosher 

A, 

P 

iKi 

V 

M 

USE 

Ix 

(in4) 

1 

104 

54.0 

50.4 

Wl2x36 

281 

2 

208 

101.0 

13.6 

W14x61 

641 

3 

364 

50.4 

54.0 

W14x78 

851 

Step  6. 

Determine 

deflection 

the  frame 
• 

stiffness 

and  sway 

I,.  • <3  * 

641)  + (2 

x 851)  - 

725  in4 

(Table  5.3) 

I.  - 281  in4 
£ 

6-0 

D - VL  - 281/16.5  - 0.475 

0.751ca/H  (0.75) (725/15. 16 7) 

(Table  5.3) 

Using  linear  interpolation  to  get  C2 
C2  - 4.49 

K - EIcaC2[l  + (0.7  - 0.18) (n-1)] 

H3  (Table  5.3) 

• (30) (103) (725) (4.49)Cl  ± 0.7(3)] 

(15.167  x 12)3 

• 50.2  k/in  (Equation  5.2) 

Kl  - 0.55(1  - 0.258)  - 0.55 

Calculate  dead  weight,  V: 

V - b[(4Lwdr)  + (2/3)  (Hw^)] 

+ (36  x 66)  + 1/3(15. 167)C(2  x 61)  + (3  x 78)] 
- 20,740  lbs 
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Be  . w/R  - 20,740/32.2  - 644  lb-sec2/ft 

- 644  x 106  lb-*s2/ft 
Tn  - 2„r'.e/KKL 

• 2«/<644  x 106)/(50.2  x 12  * 103  x 0.55) 

(Equation  5.2) 

- 277  a* 

T/Tn  » 78/277  - 0.282 

B/Ru  - 2.0 

u - 3^/Xg  » 1.90  (Figure  6-7, 

TM  5-1300) 

Xg  - Ry/K  ■ awH/K  (Equations  5.4 

and  5.5) 

- 2.32  x 3.06  x 15.167  - 2.14  inchea 
50.2 

X,,  - 6 - 1.90  x 2.14  » 4.06  Inches 

(Equation  5.6) 

6/H  - 4.06/(15.167) (12)  - 0.0223  “ 1/50 

Stap  7.  Check  deflection  of  possible  local  mechanisms. 

a.  Roof  girder  mechanism  (investiRate 
W12  x 36  from  Step  5) 

Tn  - 0.28LV(w/g)/EI  (Table  3.2) 

w - (13.5  x 17)  + 36  - 265  lb/ft 

IR  - 281  in4 

E1R  - 30  x 106  x 281/144 

- 58.4  x 106  lb-ft2 
L • 16.5  ft 

Tn  - (0.28)(16.5)2/265(106)/(32.2)(58.4)(106) 

- 28.6  ms 
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T/Tn  - 78/28.6  - 2.73 

R - 16Mp/L  - (16  x 104)/16. 5 - 101  kips 

(Table  5.1) 

B ■ pbL 

- (2.5) (17) (144) (16. 5) /l, 000  - 101  kipa 

B/Ru  - 101/101  - 1.0 

U - X-/X*  » 3.50  > 3 N.G. 

(Figure  6-7, 

TM  5-1300) 

Check  end  rotation  of  girder. 

K - 307EI/L3  - (307) (30) (103) (281) 

(16.5  x 12)3 

- 332  k/ln  (Table  3.1) 

XE  - Ry/K  - 101/332  - 0.304  inch 

X,  « 3.50  x 0.304  - 1.06  inchea 

Xb/(L/2)  - 1. 06/(8. 25) (12)  - 0.0107 

- tan  6,  6 - 0.6°  < 1°  O.K. 

b.  Exterior  coluan  aechanlsa  (inveatlgate 
W14  x 78  froa  Step  5). 

T„  - 0.42L2/(w/g)/EI  (Table  3.2) 

w - (16.5  x 17)  + 78  - 358  lb/ft 

El  - (30) (106) (851/144)  - 177  x 106  lb-ft2 

L - 15.167  ft 

TN  - (0.42)(15.167)2y358(106)/(3'2T2)(177)(106) 

- 24.2  as 
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78/24.2  - 3.22 


t/tn« 

*u  ■ 4MP(2C  * l)  - 4(104) [(2  x 3,3)  t l] 

H 15.167 

- 220  kipa  (Table  5.1) 

B - (2.32) (6.12) (15.167)  - 215  kips 

B/l^  - 215/220  - 0.98 

y » VXE  “ 3.60  > 3 N.G. 

(Figure  6-7, 

TH  5-1300) 

Check  end  rotation  of  colwas. 

K - 160EI  - (160) (30) (103) (851) 

L3  (15.167  x 12)3 

» 676  k/in  (Table  3.1) 

XE  - Ry/K  - 220/676  - 0.325  inch 

3^  - 3.60  x 0.325  - 1.17  inches 

K,/0/2)  • 1.17/(7.58) (12)  - 0.0129  - tan  8 

8 - 0.74°  < 1°  O.K. 

Step  8. 


a.  The  deflections  of  the  local  aechanisas 
exceed  the  criteria.  The  aldesvay  de- 
flection is  acceptable. 

b.  Roof  girder 

M ■ 3.50  from  Step  7;  increase  trial  site 
froa  Wi2  x 36  to  V12  x 40. 

c.  Front  vail 

y ■ 3.60  froa  Step  7;  increase  trial  slxe 
froa  V14  x 78  to  W14  x 84. 
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Summary:  Tha  maaber  sites  to  ba  uaad  in  a computer  analysis  ara 

aa  follow*: 

Maabar  Slta 

1 U12  x 40 

2 W14  x 61 

3 W14  x 84 

7.7  Design  of  Doora  for  Prcature-Time  Loading. 

Problea  7:  Design  a ateel-plate  blast  door  subjected  to  a 

preasura-time  loading. 


Procedure : 

Step  1.  Establish  the  design  parameters 

a.  Preaaure-tlae  load 

b.  Design  criteria,  and  8Mt  for  a 

reusable  or  non-re  usable  structure 
(Section  2.3.3) 

c.  Structural  configuration  of  the  door 
Including  geometry  and  support  conditions 

d.  Properties  of  ateel  used: 

Minimum  yield  strength,  Py,  for  door 
components 

Dynamic  Increase  factor,  c (Table  2.1) 

Step  2.  Select  the  thickness  of  tha  plate. 

Step  3.  Calculate  the  elastic  section  modulus.  S, 
and  tha  plastic  section  modulus,  Z,  of  tha 
plate. 

Step  4.  Calculate  tha  design  plastic  moment, 

Mp,  of  tha  plats  (Equation  3.2). 

Step  5.  Compute  the  ultimata  dynamic  shear,  Vp 
(Equation  3.11). 


St«p  6.  Calculate  taxlaua  support  shear,  V,  using  a 

dynamic  load  factor  of  1.0  and  determine  V/Vp. 

If  V/Vp  la  leas  than  0.67,  use  the  plastic 
design  Moment  as  computed  in  Step  4 (Section 
3.4.3). 

If  V/Vp  la  greater  than  0.67,  use  Equation  3.18 
to  calculate  the  effective  Hp. 

StgP  2*  Calculate  the  ultimate  unit  resistance  of  the 
section  (Table  5-5  of  TK  5-1300),  using  the 
equivalent  plastic  moment  as  obtained  In 
Step  4 and  a dynamic  load  factor  of  1.0. 

Step  a.  Determine  the  moment  of  Inertia  of  the  plate 
section. 


Compute  the  equivalent  elastic  unit  stiffness. 

Kp,  of  the  plate  section  (Table  3.1). 

Step  10.  Calculate  the  equivalent  elastic  deflection, 

Xg.  of  the  plate  aa  givt  i by  Xg  - ru/Kp. 

Stt£_ll.  Determine  the  load-mass  factor  sad  cocgmte 
the  effective  unit  mass,  m^. 

St*P  12.  Compute  the  natural  period  of  vibration,  Tv>, 
(Equation  3.10). 

Step  13.  Determine  the  door  response  using  the  values  of 
B/ru  and  T/TN  with  Figure  6-7  of  TK  5-1300  or 
Figure  3.3  to  determine  the  values  of  V*t  and  0. 

Compare  with  design  criteria  of  Step  1.  if 
these  requirements  are  not  satisfied,  select 
another  thlcknaa.  and  repast  Steps  Z to  13. 

Step  14.  Design  supporting  flexural  element  considering 
composite  action  with  the  plate. 

Step  15.  Calculate  elastic  and  plastic  section  moduli 
of  the  combined  section. 

Step  16.  Follow  the  design  procedure  for  a flexural 
element  aa  described  in  Section  7.1. 


Example  7:  Design  of  a blait  door  for  pressure-time  loading. 

Required:  Design  a reusable  double-leaf  door  (6'-0"  x 8'-0”)  for 

Che  given  pres sure- else  loading. 

Seep  1.  Given: 

a.  Pressure-dee  loading  (Pigure  7.6) 

b.  Design  criteria:  maxima  ductility  ratio, 

uMX  “ 5,  maximum  end  rotation,  i)M,  - 2°, 
whichever  governs  (Section  2.3.3) 

c.  Structural  configuration  (Figure  7.6) 

NOTE:  This  type  of  door  configuration  is 

suitable  for  low-pressure  range 
applications  (5  to  IS  pel). 

d.  Steel  used:  A36 

Yield  strength,  • 36  ksi  (Section  2.2.1) 
Dynamic  increase  factor,  c • 1.1  (Table  2.1) 
Hence,  the  dynamic  yield  strength. 

Fjjy  « l.l  x 36  • 39.6  ksi  (Equation  2.1) 

and  the  dynamic  yield  stress  in  shear. 


- O.SS  x 39.6  * 21.78  ksi  (Equation  2.2) 

Step  2.  Assume  s piste  thickness  of  S/8  inch. 

Step  3.  Determine  the  elastic  and  plastic  section 
moduli  (per  unit  width). 

S « bd£  • 1 x (S/8)2 
6 6 


• 6. SIS  x 10~2  in3/io 
2 • bd2  - 1 x (5/8) 2 

'V  4 


9.76S  x 10~2  in3/ in 


Figure  7.0  Uoor  configuration  and  loading,  Example  ?. 


Sup  4.  Calculate  the  deeiRn  pUetlc  «M*cnt . Mp. 

Hp  • Fdy(S  ♦ X)/2  (Equation  3.2) 

- 39.6tC6.Si3  x i0'2> 

+ (9.76S  * i0~2)}/2 

- 39.6  * 9.14  * 10~5 

• 3.22S  ie-k/Sn 

Step  5.  Calculate  the  dyoaeie  ultimate  cheer  cepectcy, 
Vp.  for  « 1-iucs  vi4th. 

v • F.  Jl  C Equation  3.1i> 

p OV  V 

• 21.78  x 1 * S/8  • 13.61  kipe/io 


Stc^jb.  Evaluate  tha  support  shear  and  check  the  plate 
capacity.  Assume  DLF  - 1.0. 


V - DLF  x B x 1/2  * 1.0  x 4.8  x 36  x 1 

2 

- 266.4  lba/in  - 0.2664  kip/in 

V/V  - 0.2664/13.61  - 0.01958  < 0.67 
15  (Section  3.4.3) 

No  reduction  in  equivalent  plastic  moment  la 
necessary , 

NOTE:  Vhon  actual  DLP  Is  determined, 

reconsider  Step  6. 

Step  7.  Calculate  the  ultimate  unit  resistance,  ru, 
(assuming  the  plate  to  be  simply-supported 
at  both  ends). 

ry  - 8Hp/L2  (Table  3.1) 

* 8 x 3.225  x IQ3  “ 19.9.’  pal 
( 36) 2 

Step  J.  Compute  the  moment  of  inertia.  I.  (or  a 
1-loch  vidth- 

I - hd 3 - 1 * (5/B)3  - 0.02035  Sn4/in 
1?  ' " 12 


Step  _9.  Calculate  the  equivalent  elastic  stiffness*  % 

» )84El/5bt<i  (Tabic  3. 1> 

* .*?.  .*  M?  * .02035 

5x1*  (36)4 

- 2?.0  pai/in 

Step  10.  Determine  the  equivalent  elastic  deflection,  X 


5M 


19. 92/2?. 0 - 0.?38  inch 


Step  11 . Calculate  the  effective  mass  of  eleae's? . 

a.  K.^  (average  elastic  and  plastic) 

- (0.79  + 0.66)/2  - 0.725 

b.  Unit  aass  of  element,  a 

a • w/g  » 5/8  x 1 x 1 x 490  x 108 
1,728  x 32.2  x 12 

■ 45S.0  psi-*s2/in 

c.  Effective  unit  mass  of  element,  ne 

(Section  6.6, 
TM  5-1300) 

*e  * KI«*  * °*725  x *58.0 
- 332  psi-ms2/in 

Step  12.  Calculate  the  natural  period  of  vibration,  TN. 

Tn  - 2^332/27,0  - 22.05  as 

Step  13.  Deteraine  the  door  response. 

Peak  overpressure  B - 14.8  psi 

Peak  resistance  ru  - 19.92  psi 

Duration  T " 13.0  ms 

Natural  period  of  vibration  Tjj  - 22,05  ras 

B/ru  » 14.8/19.92  - 0.743 

T/TN  “ 13.0/22.05  - 0.59 

From  Figure  6-7,  TH  5-1300, 

X„/Xg  < 1,  so  it  satisfies  the  ductility 
ratio  criterion 

Since  the  response  is  elastic,  determine  the 
DLF  from  Figure  3.3. 

DLF  « 1.3  for  T/TN  - 0.59 
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Hence 


’ “ 1.3  x 14.8  x 0.738  - 0.713  inch 

19.92 

tan  6 - ^/(L/2)  - 0.713/(36/2)  - 0.0396 

6 - 2.27°  > 2°  N.G, 

Since  the  rotation  criteriou  is  not  satisfied, 
change  the  thickness  of  the  plate  and  repeat 
the  procedure.  Repeating  these  calculations, 
it  cm  be  shown  that  a 3/4-inch  plate  satisfies 
the  requirements. 

Design  of  the  supporting  flexural  eleaent. 

Assume  an  angle  L4  x 3 x 1/2  and  attached  to 
the  plate  as  shown  in  Figure  7.7. 

Determine  the  effective  width  of  plate  which 
acta  in  conjunction  with  the  angle 

b£/2tf  < 8.5  (Section  3.3.4) 

where  b^/2  is  the  half  width  of  the  outstanding 
flange  or  overhang  and  t£  is  the  thickness  of 
the  plate. 

With  t £ ■ 3/4  inch, 

bf/2  < 8.5  x 3/4,  i.e.,  6.38  inches 

Use  an  overhang  of  6 inches. 

Hence,  the  effective  width  - 6 + 2 » 8 inches. 

The  angle  together  with  plate  is  shown  in 
Figure  7.7. 

Calculate  the  elastic  and  plastic  section 
moduli  of  the  combined  section. 

Let  y be  the  distance  of  c.g.  of  the  combined 
section  from  the  outside  edge  of  the  plate  as 
shown  in  Figure  7.7,  therefore 

y - (8  x 3/4  x 3/8)  + (4  + 3/4  - 1.33)  x 3.25 
(8  x 3/4)  + 3.25 


1.445  inches 


Figure  7.7  detail  of  composite  angle/plate 
supporting  element,  Example  7. 

Let  y b*  the  distance  to  the  N.A.  of  the 
combined  section  for  full  plasticity. 

yp  * 1 [(8  x 3/4)  + 3.25]  - 0.578  inch 

8x2 

I - 8 x (3/4) 3 + 8 x 3/4  x (1.445  - 3/8)2 

12 

+ 5.05  + 3.25(4  + 3/4  - 1.33  - 1.445)2 

- 24.881  in4 

Hence,  - 24.881/(4.75  - 1.445) 

■ 7.54  in^ 

Z - 8(0.578)2/2  + 8(0.75  - 0.578)2/2 
+ 3.25(4.75  - 0.937  - 0.578) 

- 11.97  in3 

Step  16.  Calculate  the  design  plastic  moment  Mp  of  the 
supporting  flexural  element.  f 

Mp  - 39.6(7.54  + 11.97) /2 

■ 384.5  in-kips 

16o 


(Equation  3.2' 


Calculate  the  ultimate  dynamic  shear 
capacity,  Vp. 

VP  " FdA  (Equation  3.11) 

- 21.78(4.0  - 1/2) 1/2 

- 38.1  kips 

Calculate  support  shear  and  check  shear 
capacity. 

L - 8'-0"  ■ 96  inches 
V - (14.8  x 36/2  x 96) / 2 - 12,790  lbs 

- 12.79  kips  < V O.K. 

(Section  3.3.3) 

Calculate  the  ultimate  unit  resistance,  ru* 

Assuming  the  angle  to  be  simply  supported  at 
both  ends : 

ru  - 8Mp/L2  (Table  3.1) 

- (8  x 384.5  x 1 ,000)/ (96)2 

- 333.5  lb®/ in 

Calculate  the  unit  elastic  stiffness,  K£. 

Kg  - 384EI/5L4  (Table  3.1) 

* 384  x 29  x 106  x 24.881  - 652.5  lbs/in2 
5 x (96)4 

Determine  the  equivalent  elastic  deflection,  Xg. 
Xg  ■ ru/K£  “ 369.5/652.5  ■ 0.566  inch 
Calculate  the  effective  mass  of  the  element. 

K^  - 0.725 

w - 11.1  + 3 x 18  x 490  - (0.925  + 3.825) 

12  4 1,728 

- 4.750  lbs/in 

16/ 


Effective  unit  ness  of  element, 

ae  - 0.725  x 4.75  x 106 
'32.2  x 12 

- 0.891  x 104  lb*-«s2/ in2 

Calculate  the  natural  period  of  vibration,  TN. 

Tn  - 2*/(89.1  x lO^j/793  - 21.1  W* 

Determine  the  response  parameters. 

(Figure  6-7, 

TM  5-1300) 

Peak  overpressure  B ■ 14.8  x 36/2 

■ 266.5  lbs/ in 
Peak  resistance  ru  • 333.5  lbs/ in 
Duration  T » 13.0  ms 

Natural  period  of  vibration,  TN  - 21.1  aa 
B/ru  - 266.5/333.5  - 0.799 
T/Tn  - 13/21.1  - 0.616 
From  Figure  6-7,  TM  5-1300, 

V - Xa/Xg  - 1.1  < 3 O.K. 

Xj,,  * 1.1  x 0.566  * 0.622  in 
tan  6 « - 0.622/48  - .013 

B - 0.75°  < 1°  O.K. 

Check  stresses  at  the  connecting  point, 
o - My/I  - 384.5  x 103  x (1.445  - 0.75)/24.881 
- 10,740  psi 
t - VQ/Ib 
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• 12.79  x 103  x 8 x 3/4  x (1.445  - 0.75/2) 
24.881  x 1/2 


- 5,321  pal 

/ 2 2 

Effective  stress  at  the  section  ■ yo  + t 
« 103  x /l0.742  + 5.3212 

- i03/l4T.75 

- 11,980  pal  < 36,000  psi  O.K. 

7 .8  Design  of  Doubly-Symaetric  Beaaa  Subjected  to  Inclined 

Preaaure-Tlae  Loading 

Problem  1:  Design  a purlin  or  girt  as  a flexural  member  which 

is  subjected  to  a transverse  pressure-time  load 
acting  in  a plane  other  than  a principal  plane. 

Procedure : 


Step  1.  Establish  the  design  parameters. 

a.  Pressure-time  load  (TM  5-1300,  Chapter  4) 

b.  Angle  of  inclination  of  the  load  with 
respect  to  the  vertical  axis  of  the  section 

c.  Design  criteria,  uMX  and  6^*  for  a re- 
usable or  non-reusable  structure  (Section 
2.3.3) 

d.  Member  spacing,  b 

e.  Type  and  properties  of  steel  used: 

Minimum  yield  strength  for  the  section 
(Section  2.2.1) 

Dynamic  increase  factor,  c (Table  2.1) 

Step  2.  Preliminary  siting  of  the  beam. 

a.  Determine  the  equivalent  static  load,  w, 
using  the  following  preliminary  dynamic 
load  factors: 
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DLF  « 1.0  for  reusable  structure 


■ 0.8  for  non-reuaable  structure 
w • DLF  x p x b 

b.  Using  the  appropriate  resistance  formula 
fro*  Table  3.1  and  the  equivalent  static 
load  derived  in  Step  2a,  deteralne  the 
required  Mp. 

c.  Deteralne  the  required  section  properties 
using  Equation  3.2.  Select  a larger  section 
since  the  member  Is  subjected  to  unsym- 
aetrical  bending. 

Note  that  for  a load  inclination  of  10°, 
it  is  necessary  to  increase  the  required 
average  section  modulus,  (1/2) (S  + Z),  by 
40  percent . 

Step  3.  Check  local  buckling  of  the  member  (Section 

3.3.4). 


Step  4.  Calculate  the  inclination  of  the  neutral  axis 
(Equation  3.19). 

Step  5.  Calculate  the  elastic  and  plastic  section 
moduli  of  the  section  (Equation  3.20). 

Step  6.  Compute  the  design  plastic  moment,  Mp» 

(Equation  3.2), 

Step  7.  Calculate  ultimate  unit  resistance,  ru,  of 
the  member. 

Step  8.  Calculate  elastic  deflection,  6 (Figure  3.4) . 

Step  9.  Determine  the  equivalent  elastic  unit  stiffness. 
Kg,  of  the  beam  section  using  6 from  Step  8. 

Step  10.  Compute  the  equivalent  elastic  deflection,  Xg, 
of  the  member  as  given  by  Xg  ■ ru/Kg. 

Step  11.  Determine  the  load-mass  factor,  Ky^,  and  obtain 
the  effective  unit  mass,  a^,  ot  the  eleausnt. 


1/0 


Step  12.  Evaluate  the  natural  period  of  vibration,  Tjj, 
(Equation  3.10). 

Step  13.  Determine  the  dynamic  response  of  the  beam. 

Evaluate  B/ru  and  T/Tn,  and  use  Figure  6-7  of 
TM  5-1300  or  Figure  3.3  to  obtain  Xjj/Xg  and  6. 
Compare  with  criteria. 

Step  14.  Determine  the  ultimate  dynamic  shear  capacity, 
V-,  (Equation  3.11)  and  maximum  support  shear, 
V\  using  Table  3.3  and  check  adequacy. 

Example  8:  Design  an  I-shaped  beam  for  unsymnetrical  bending 

due  to  inclined  preasure-tlme  loading. 

Required:  Design  a reusable,  simply-supported  I-shaped  beam 

subjected  to  a pressure-time  loading  acting  at  an 
angle  of  10°  with  respect  to  the  principal  vertical 
plane  of  the  beam. 

Step  1.  Given : 

a.  Pressure-time  loading  (Figure  7.8) 

b.  Design  criteria:  maximum  ductility 

ratio  - 1.5,  maximum  end  rotation  ■ 1°, 
whichever  governs  (Section  3.5) 

c.  Structural  configuration  (Figure  7.8) 

d.  Steel  used:  A36 

Yield  strength,  F ■ 36  ksi 
(Section  2.2.1)  V 

Dynamic  increase  factor,  c - 1.1 
(Table  2.1) 

Dynamic  yield  strength,  F.  • 1.1  x 36 
■ 39.6  ksi  (Equation  2.1) 

Dynamic  yielding  stress  in  shear, 

Fdy  - 0.55Fdy  - 0.55  x 39.6  - 21.78  ksi 

(Equation  2.2) 


Modulus  of  elasticity,  F.  • 29,000  kai 


jz 


19-0 

w = 4 8p*f  (excluding  beam 
weight) 


3L 


Spacing  ; b = 4.5 


w 

I- 


TRANSVERSE 

LOAD 


4>  = I0e 


Figure  7.8  Beam  configuration  & loading,  Example  8. 


Step  2.  Preliminary  sizing  of  the  weaber. 

a.  Determine  equivalent  static  load. 

DLF  - 1.0  (Section  3.3.2) 

v - 1 x 4.5  x 4.5  x 144/1,000 

- 2.92  k/ft 

b.  Determine  minimum  required  Mp 

JL  - <vl2)/8  - (2.92  x 192)/8 

(Table  3.1) 

- 132  k-ft 

c.  Selection  of  a ember. 

For  a load  acting  in  the  plane  of  the  web, 

(S  4-  Z)  - 2Mp/Pd  - (2  x 132  x 12)/39.6 

(Equation  3.2) 
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(S  4-  2)  - 80  in3 

(S  4*  Z)  required  a 1.4  x 80  - 112  in^ 

Try  W14  x 38,  Sx  - 54.7  in3,  l%  - 61.6  in3 
(S  4-  Z)  - 116.3  in3,  Ix  - 386  in4 

Iy  - 26.6  in4 

Step  3.  Check  against  local  buckling. 

For  W14  x 38,  d • 14.12  inches, 

t„  - 0.313  inch,  bj  - 6.776  inches,  and 

tf  • 0.513  inch. 

So,  d/ty  - 14.12/0.313 

- 45.2  < 412(1  - 1.4  x PJ 

/36  Py 

- 68.66  O.K.  (Equation  3.12) 
bf/2tf  - 6.6776/(2  x 0.513) 

» 6.5  < 8.5  O.K. 

(Section  3.3.4) 

Step  4.  Inclination  of  elastic  and  plastic  neutral 
axes  with  respect  to  the  x-axls . 

tan  a * (IT/I  )tan  4 (Equation  3.19) 

- (384/26.6)  tan  10° 

- 2.545 
o « 68.5° 

Calculate  the  equivalent  elastic  section 
oodulus. 

S - (SxSy)/ (Sycoaf  + Sxsin4) 

- 54.7  in3,  Sy  - 7.86  in3,  $ - 10° 

l M 


Sin  10°  - 0.174,  cos  10°  - 0.985 
S - (54. 7) (7. 86)/ (7. 86  x 0.985  ♦ 54.7  x 0.174) 
- 24.9  in3 

Step  5.  Calculate  the  pleetlc  section  Modulus,  Z. 

Z • A*.e^  -f  At*2  (Equation  3.20) 

Ac  - At  - A/2  - 11.2/2  - 5.6  in2 

Let  y be  the  distance  of  the  c.r.  of  the 
area  of  cross-section  in  compression  from 
origin  as  shown  in  Figure  7.9. 


y * 1 [ 6.776  x 0.513  x (lj4._12  - 0^513) 

5.6  2 2 


♦ 1(14.12  - 2 x 0.513)  x 0.313 
2 

x K14.JL2  - 0.513)] 

2 "2 

■ 5.42  Inches 


17* 


1 


2 


y sin  a - 5.42  Bin  68°30' 


- 5.05  inches 

Z “ 2AcBj  • 11.2  x 5.05  • 56.5  in-* 

Step  6.  Determine  design  plastic  aoasnt,  Mp. 

M - F . (S  ♦ Z) / 2 - 39.6(24.9  ♦ 56.5)/2 

^ (Equation  3.2) 

- 39.6  x 40.7  - 1.612  in-kips 

Step  7.  Calculate  ultimate  unit  resistance.  ru> 

ru  - 8Mp/L2  (Table  3.1) 

- (8) (1,612) (1,000)/ (19  x 12)2 

- 248  lba/ln 

Step  8.  Compute  elastic  deflection,  6. 

4 ■ J«l  * »J>  <S«c.lo„  1.5) 

6 - 5wcos4L^ 

J 384 EIX 

6 • 5w«in+L^ 

384Ely 

v • equivalent  static  load  + dead  load 

- 2.92  ♦ (4.6  x 4.5)  ♦ 38  kipa/ft 

1,000 

• 2.94  klps/ft 

1/2 

6 • [(WslofL*)2  + (Syeoa+t^)2] 

384 Ely  384EIx 

1/2 

- 5*t>  t (0.652)2  ♦ (0. 256)2] 

38.400E 


2.084  inches 


St*p  9. 


Step  10. 


Seep  11. 


Sre£  II . 


Calculate  the  equivalent  elastic  unit 
atiffnssa, 

KE  - w/i  - 2_194  x 1,000  x 1 
12  x 2.085 

(Get  v fro*  Step  8) 

- 117.8  lbs/ in2 

Determine  Che  equivalent  elastic  Reflection. 
*E- 

Xg  • ru/K g (Equation  5-52. 

TH  5-1300) 

- 248/117.8  - 2.11  inches 

Calculate  the  effective  ness  of  the  element, 
■"e- 

s.  Load-mass  factor.  (Table  6-1, 

TH  5-1300) 

(average  elastic  and  plastic) 

• (0.79  ♦ Q).66)/2  - 0.725 

b.  Unit  mass  of  element,  « 

• - v/r  - [(4.5  x 4.8)  * 38]  ^ 106 
32.2  x 12  * 12  ' 

• 1,286  x 1G4  lba-ms2/in2 

c.  Effective  unit  mass  of  element,  a^. 

(Section  6-6, 

TH  5-1)00) 

% - - 0.725  x 1.286  x IQ4 

- 0.932  s 104  lbe-ma* /in2 

Calculate  the  natural  period  of  vibration.  T»j. 

Tq  - 2*^ (9 3. 2 x I02)/117  .ft 

(Equation  1.10) 


£ 


- 2*/93.2/1.178 
• 2«/79ri  - 55.8  aa 
Step  23.  Determine  the  beta  response. 

Peek  overpressure  B«4.5x4.5xl2 

- 243  lba/in 
Peak  resistance  ru  • 248  lba/ln 

Duration  T • 20  as 

Natural  period  of  vibration,  Tn  - 55.8  « 

8/ru  - 243/248  - 0.98 
T/TN  - 20/55.8  - 0.358 
Pro*  Figure  8-7 , TH  5-1300, 

X./Xg  * 1 O.K. 

X^  • -.11  Inches 

Find  end  rotation,  9. 

tan  8 - X*/(L/2)  * 2.U/[<19  x 12 )/2] 

- 0.0185 

8 - 1.06°  * l.(f  U.K. 

$t€j»  Calculate  the  dynamic  ulciaate  shear  capacity, 

Vp,  and  check  for  adequacy. 

i’p  * rdA*  * .1-76(14.12  - 2 x 0.51»{0. 313) 

• 89.2  kips  (equation  3.11) 

D5.F  - i/CB/fy)  - 1/0.96  - 1.02 

V • 0LF  x 5 * 8 x L 

• !.P2  x 4-5  * 4.5  * 19  * 144/(2  x 1 .900) 

• 28.26  kip*  < 89.?  klpa  < Vp  O.K. 

(Tahle  3.3i 
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APPENDIX  A 


MOMENT  AND  DEFLECTION  COEFFICIENT  CHARTS 
FOR  UNIFORMLY- LOADED,  TWO-WAY  PLATE  ELEMENTS 


Charts  are  presented  here  for  use  in  determining  the 
elasto-plastic  resistances,  stiffnesses  and  deflections  for 
uniformly- loaded  two-way  elements.  The  charts  are  to  be  used  in 
conjunction  with  Figures  5-14  through  5-19  in  Chapter  5 of 
TM  5-1300,  "Structures  to  Resist  the  Effects  of  Accidental 
Explosions". 


Figures  A.l,  A. 2 and  A. 3 are  for  two-way  elements  with 
various  support  conditions  on  two  adjacent  edges  with  the  remain- 
ing two  edges  free.  Figure  A. 4 is  for  two-way  elements  with  three 
edges  fixed  and  one  edge  free,  and  updates  and  replaces  Figure 
5-14  of  TM  5-1300.  Figure  A. 5 is  for  two-way  elements  with  two 
opposite  edges  fixed,  one  edge  simply  supported  and  one  edge  free, 
and  is  the  complement  of  Figure  5-15.  Figure  A. 6 is  for  elements 
with  all  edges  fixed  and  replaces  Figure  5-17  of  TM  5-1300. 


The  use  of  these  charts  is  detailed  in  Sections  5-13  and 
5-14  of  TM  5-1300.  Although  they  were  developed  for  particular 
values  of  Poisson's  ratio,  the  charts  can  be  employed  with  neg- 
ligible error,  for  either  steel  plates  (v  equal  to  0.3)  or  con- 
crete slabs  (v  range  from  0.15  to  0.25). 


The  symbols  used  in  these  charts  are  defined  below: 
D * flexural  rigidity  per  unit  width  (lb . in. ^/in. ) 

H “ height  or  width  of  plate  (in.) 

L » length  of  plate  (in.) 

M * moment  per  unit  width  (lb. in. /in.) 
r * resistance  per  unit  area  (psi) 


X “ transverse  deflection  (in.) 
i ^ * moment  coefficient  for  negative  moment  at  point  i 
Ry(maa)  * moment  coefficient  for  maximum  positive  vertical  moment 
E]|(mny)  * moment  coefficient  for  maximum  positive  horizontal  moment 
Yj  *>  deflection  coefficient  for  point  i 
« Poisson's  ratio 


v 
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In  the  process  of  establishing  the  resistance  functions 
for  two-way  elements  with  Figures  A.l,  A. 2 and  A. 3,  it  may  be 
found  that  the  final  resistance,  as  determined  by  using  the  pro- 
cedures described  in  Chapter  5 of  TM  5-1300,  exceeds  the  total 
resistance,  Ry,  given  by  Table  5-6  in  TM  5-1300.  In  this  event, 
the  elasto-plastlc  resistance  diagram  should  be  limited  to  reach 
lta  maximum  resistance  at  Ry.  This  correction  will  not  intro- 
duce any  significant  error  into  the  bilinear  resistance  function 
developed  from  the  elasto-plastic  diagram. 

Figures  A.l  through  A. 5 are  based  upon  finite  element 
analyses  and  show  good  agreement  with  closed  form  solutions  where 
such  comparisons  are  possible.  It  appears,  however,  that  the 
poaltlve  moment  capacities  as  determined  from  Figures  A.l  to  A. 3 
are  somewhat  high  as  evidenced  by  the  necessary  slight  adjustment 
described  in  the  preceding  paragraph.  Overall,  the  charts  pro- 
vide necessary  and  sufficiently  accurate  data  and  should  be  em- 
ployed in  design  until  more  refined  results  are  developed. 
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Figure  A. 4 Monient  and  (inflection  coefficients  for  uniformly- 
loaded,  two-way  element  witn  three  edges  fixed 
and  one  edge  free. 


Figure  A.b  foment  and  reflection  coefficients  for  uniformly- 
loaded,  two-way  element  witn  two  opposite  edqes 
fixed,  one  edge  simply- supported  and  one  edge  free 
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1. 1ST  or  SYMBOLS 

Area  ol  cross-sprt ion  »ln*) 

2 

Area  ol  bracing  member  (In  ) 

-> 

Area  ol  c ross-Hpct f on  in  compression  (in') 

Area  of  cross-section  in  tension  (in') 

Web  area  (in') 

Peak  pressure  ot  equivalent  triangular  loading 
tunction.  (psl)  [when  used  with  r ) , or  peak  total 
blast  load  (lb)  [when  used  with  R^) 

Width  of  tributarv  loaded  area  (it) 

Hange  width  < in . ) 

Tributary  width  tor  horizontal  loading  (ft) 

Tributary  width  for  vertical  loading  (ft) 

Dynamic  increase  factor 

Distance  trora  neutral  axis  to  extreme  fiber  of  cross- 
aection  in  flexure  (In.) 

Coefficients  indicating  relative  column  to  girder 
moment  capacity  (Section  5.2.1) 

Bending  coefficient  defined  in  Section  of 

the  Al.SC  Specification 

Column  a lender  nest,  ratio  indicating  the  transition 
from  ele  tic  to  inelastic  buckling 

Coefficients 'applied  to  the  bending  terns  in  inter- 
action formula  (AlSC  Specification  Section  1.6.1) 

Coefficient  tn  approximate  expression  for  sideaway 
stiffness  factor  (Table  5.1/ 

Coefficient  indicating  relative  girder  to  column 
stiffness  (Table  5.3) 
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Vf  > depth  ; <r»jrf  !.'f»ed.  light  gage  steel  panel 
net 1 1 ..ns  i in.  t 

Mesftenf  of  inert  f t t * 

average  ««;«■.  «ot*er 1 .4  inertia  for  *lnpie-*torv 

nuitf  -lav  ir-i*e  it  n't 

5 Her  five  anaent  of  inertia  for  .'old  iron**":1 

at  a service  s;rr»*  at  lU  let  S Sn^) 

feuivaJert  elastic  no«ent  >4  inertia  lor  cold -formed 
*t*ei  panels  (in1* 


-IW*.,'. * U! ) I 5WTW^39*CT^Wf  1- . u',iPW 1 


W.r 


LIST  OF  SYMBOLS  (Cont.) 


I 

x 

I 

y 

K 


*E 

*1 

*S,M 

Si 

L 

L 

1/r 


M 

M 


M ,M 
tax  my 


M 


W 

M ,M 
px  py 
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Moment  of  Inertia  about  the  x-axis  (in  ) 

1} 

Moment  of  inertia  about  the  y-axis  (in  ) 

Effective  length  factor  for  a compression  member 
Horizontal  stiffness  of  diagonal  bracing  (lb/f»' 
Equivalent  elastic  stiffness  (lb/ft) 

Load  factor 
Load-mass  factor 
Mass  factor 
Span  length  (ft) 

Frame  bay  width  (ft) 

Slenderness  ratio 

Actual  unbraced  length  in  the  plane  of  bending  (in.) 

Critical  unbraced  length  (in,) 

Available  moment  capacity  (Equation  3.18) 

2 

Total  effective  mass  (lb-ms  /in) 

Moments  about  the  x-and  y-axis  that  can  be  reilsted 
by  member  in  the  absence  of  axial  load 

Design  plastic  moment  capacity 

Design  plastic  moment  capacities  (Figure  3.2) 

Plastic  bending  moment  capacities  about  the  x-  and 

y-nxes 

Ultimate  dynamic  moment  capacity 

Ultimate  positive  moment  capacity  for  unit  width  of 
panel 

Ultimate  negative  moment  capacity  for  unit  width  of 
panel 
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Moment  corresponding  to  first  yield 

Number  of  braced  bay3  in  nulti-bay  frame 
2 

Unit  mass  (psi-ms  /in) 

2 

Effective  unit  mass  (psi-as  /ir.) 

Distance  from  plastic  neutral  axis  to  the  centroid  of 
the  area  in  compression,  in  a fully-plastic  section 
(in.) 

Distance  from  plastic  neutral  axis  to  the  centroid  of 
the  area  In  tension  in  a fully  plastic  section  (in.) 

Bearing  length  at  support  for  cold-formed  steel  panel 
(in.) 

Number  of  bays  in  multi-bay  frame 
Applied  compressive  load  (lb) 

Euler  buckling  loads  about  the  x-  and  y-axes 
Ultimate  capacity  for  dynamic  axial  load,  AF^  (lb) 
ultimate  capacity  for  static  axial  load  AF^(lb) 
Reflected  blast  pressure  on  front  wall  (psi) 

Blast  overpressure  on  roof  (pai) 

Ultimate  support  capacity  (lb) 

Peak  horizontal  load  on  frame  (Ib/ft) 

Peak  vertical  load  on  frame  (Ib/ft) 

Equivalent  total  horizontal  static  load  on  frame  (lb) 
Ultimate  total  flexural  resistance  (lb) 

Radius  of  gyration  of  bracing  member  (in.) 

Radius  of  gyration,  Equation  3.16  (in.) 
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x 
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T 


N 
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Ultimate  flexural  unit  resistance  (pal) 

Radii  of  gyration  about  the  x-  and  y-axea  (in) 

Required  resistance  for  elastic  behavior  in  rebound 

(psi) 

O 

F.lastic  section  modulus  (in3) 

Elastic  section  modulus  about  the  x-axis  (in-*) 

blast ic  section  modulus  about  the  y-axis  (in-*) 

Effective  section  modulus  of  cold-formed  section  for 
positive  moments  (in-*) 

Effective  section  modulus  of  cold-formed  section  for 
negative  moments  (in-*) 

Load  duration  (sec) 

Natural  period  of  vibration  (sec) 

Thickness  of  plate  element  (in) 

Flange  thickness  (in) 

Time  to  maximum  response  (sec) 

Web  thickness  (in) 

Support  shear  (lb) 

Ultimate  shear  capacity  (lb) 

Total  weight  (lb) 

Total  concentrated  load  (lb) 

I 

External  work  (lb-in) 

Internal  work  (lb-in) 

Flat  width  of  plate  element  (in) 

Load  per  unit  area  (psi) 
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List  OF  SYMBOLS  (Cont.) 

Load  per  unit  length  (Ib/ft) 

Deflection  at  maximum  resistance  (Figure  3.8(c)) 
Equivalent  elastic  deflection  (in.) 

Maximum  deflection  (in.) 

Ultimate  deflection  (in.) 

3 

Plastic  section  modulus  (in  ) 

3 

Plastic  section  moduli  about  the  x-and  y-axea  (in  ) 

Angle  between  the  horizontal  principal  plane  of  the 
cross-section  and  the  neutral  axis  (deg.) 

Ratio  of  horizontal  to  vertical  leading  on  a frame 

Base  fixity  factor  (Table  5.3) 

Support  condition  coefficient  (Section  3.7.2) 

Angle  between  bracing  member  and  a horizontal  plane 
(deg.) 

To*al  transverse  elastic  deflection  (in.) 

Lateral  (siaesway)  deflection  (in.) 

Strain  (in. /in.) 

Strain  rate  (in. /in, /sec) 

Member  enr  'otation  (Section  2.3.2) 

Plastic  hirge  rotation 

Maximum  permitted  member  end  rotation 

Ductility  ratio 

Maximum  permitted  ductility  ratio 

Angle  between  the  plana  of  the  load  and  the  vertical 
principal  plane  ot  the  cross-section  (dug.) 
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4>g  Beam  curvature  corresponding  to  development  of  design 

plastic  moment  capacity 

4 Beam  curvature  corresponding  to  development  of  M 


APPENDIX  C 


TYPICAL  DETAILS  FOR  BLAST-RESISTANT  STRUCTURES 

This  appendix  presents  several'  examples  of  typical  framing 
connections,  structural  details  and  blast  doors  used  in  industrial 
installations  designed  to  resist  accidental  blast  lordings. 

Such  buildings  are  oftpn  rectangular  in  plan,  two  or  three 
bays  wide  and  four  or  more  bavs  long.  Figure  C.l  shows  an  example 
of  a typical  framing  plan  for  a single-story  building  designed  to 
resist  a pressure-time  blast  loading  impinging  on  the  structure 
at  an  angle  with  respect  to  its  main  axes.  The  structural  system 
consists  of  an  orthogonal  network  of  rigid  frames.  The  girders 
of  the  frames  running  parallel  to  the  building  length  serve  also 
as  purlins  and  are  placed,  for  ease  of  erection,  on  top  of  the 
frames  spanning  across  the  structure's  width. 

Figures  C.2  to  C.5  present  typical  framing  details  re- 
lated to  the  general  layout  of  Figure  C.l.  As  a rule,  the  columns 
are  fabricated  without  splices,  the  plate  covers  and  connection 
plates  are  shop  welded  to  the  columns,  and  all  girder  to  column 
connections  are  field  bolted.  A channel  is  welded  on  top  of  the 
frame  girders  to  cover  the  bolted  connections  and  prevent  (avoid) 
interference  with  the  roof  decking.  All  of  the  framing  connec- 
tions are  designed  to  minimize  stress  concentrations  and  to  avoid 
triaxial  strains.  They  combine  ductility  with  ease  of  fabrication. 

Figure  C.6  shows  typical  cross-sections  of  cold-formed, 
light  gage  steel  panels  commonly  used  in  industrial  installations. 
The  closed  sections,  which  are  composed  of  a corrugated  hat  sec- 
tion and  a flat  sheet,  are  used  to  resist  blast  pressures  in  the 
low  to  intermediate  pressure  range,  whereas  the  open  hat  section 
is  recommended  only  for  verv  low  pressure  situations  as  siding  or 
roofing  material.  A typical  vertical  section  illustrates  the 
attachment  of  the  steel  paneling  to  the  supporting  members.  Of 
particular  interest  is  the  detail  at  the  corner  between  the  ex- 
terior wall  and  the  roof,  which  is  designed  to  prevent  peeling  of 
the  decking  that  may  be  caused  by  negative  pressures  at  the  roof 
edge . 


Figure  C.7  gives  some  typical  arrangements  of  welded  con- 
nections for  attaching  cold-formed  steel  panels  to  their  support- 
ing elements.  Type  A refers  to  an  intermediate  support  whereas 
Type  B refers  to  an  end  support.  It  is  recommended  that  the  di- 
ameter of  puddle  welds  be  3/4  of  an  inch  minimum  and  Rhould  not 
exceed  1-1/2  inches  because  of  space  limitations  in  the  panel 
valleys.  For  deeper  panels,  it  is  often  necessarv  to  provide 
two  rows  of  puddle  welds  at  the  intermediate  supports  in  order  to 
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resist  the  uplift  forces  in  rebound.  It  should  be  noted  that 
welds  close  to  the  hooked  edge  of  the  panel  are  recommended  to 
prevent  lifting  of  adjacent  panels. 

Figure  C.8  shows  an  arrangement  of  bolted  connections  for 
the  attachment  of  cold-formed  steel  panels  to  the  structural 
framing.  The  bolted  connection  consists  of  the  following:  a 
threaded  stud  resistance  welded  to  the  supporting  member,  a 
square  steel  block  with  a concentric  hold  used  as  a spacer  and 
a washer  and  nut  for  fastening.  Figure  C.Q  presents  a cross- 
section  of  that  connection  with  all  the  relevant  details  along 
with  information  pertaining  to  puddle  welds. 

Figures  C.lOandC.ll  show  details  of  blast  doors.  Figure 
C.10  presents  a single-leaf  door  installed  in  a steel  structure . 
The  design  is  typical  of  doors  intended  to  resist  relatively  low 
pressure  levels.  It  is  interesting  to  note  that  the  door  is 
furnished  with  its  tubing  frame  to  insure  proper  fabrication  and 
to  provide  adequate  stiffness  during  erection.  In  the  case  of 
Figure  C.ll  the  double-leaf  door  with  its  frame  is  installed  in 
place  and  attached  Co  the  concrete  structure.  In  both  figures 
details  of  hinges,  latches,  anchors  and  panic  hardware  are  il- 
lustrated. It  should  be  noted  that  the  pins  at  the  panic  latch 
ends  are  made  of  aluminum  in  order  to  eliminate  the  danger  of 
sparking,  a hazard  in  ammunition  facilities,  which  might  arise 
from  steel-on-steel  striking. 
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SECTION  B-B 


Figure  C.2  Typical  framing  detail  at  interior  column (2) -(£). 


200 


STEEL  PANEL 
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Typical  framing  detail  at  end  colu«r(T)-  C>. 
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EXTERIOR  ELEVATION 


SECTION  X-X 


SECTION  Y-Y 


Figure  C . 1 1 Double-leaf  blast  door  installed  in  a concrete 
structure. 
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